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Preface
After very successful publication of 'Advances in Microelectronics: Reviews' Book Series,
Vol. 1 at the end of 2017 and positive feedback from our readers and authors, it was
decided to publish the second volume of this open access Book Series in 2019.
Written by 57 contributors from academy and industry from 11 countries (Bulgaria,
Hungary, Iran, Japan, Malaysia, Romania, Russia, Slovak Republic, Spain, Ukraine and
USA) the book contains 13 chapters from different areas of microelectronics: MEMS,
materials characterization, and various microelectronic devices.
In Chapter 1 micro-mechanical properties of micro-pillar comprise of multiple Ti/Au
layers and structure stability of micro-cantilevers utilizing the Ti/Au multi-layered design
are evaluated for applications in MEMS inertial sensors.
Chapter 2 describes the MEMS microhotplate constraints. Mechanical design, structural
materials, reliability and lifetime are investigated by the authors. The lifetime becomes
crucial with required operation temperature in excess of 500-550 °C. As the most common
application at this temperature is the thermocatalytic detection of methane, the authors
investigated the deterioration mechanisms of Pt filament and Pt catalyst activated
micropellistror structures.
Chapter 3 presents the general working principal of Scanning Microwave Impedance
Microscopy (sMIM) as well as modeling of the sMIM response from dielectric and
semiconductor materials to illustrate some practical applications for investigating
electronic materials.
Chapter 4 describes the sodium-doped Germanium bulk single crystals, coarse-grain
boules and large coarse-grain plates, first obtained and investigated by the authors as a
material for infrared optics and detector technique.
Chapter 5 describes the approach to bring together different experimental data regarding
metal/semiconductor (M/S) interface on III-V compounds in order to understand the
metallurgical characteristics of ohmic contact materials and Schottky barriers.
Representative examples are related to semiconductor materials as n-GaAs, GaAs (SI),
n-GaSb, p-GaSb studied in comparative ohmic contact systems in order to identify
metallization schemes similarities. The key element for example in GaAs and GaSb
devices technology consists in the obtaining of high quality ohmic and Schottky contacts
because the surface of these compounds are covered with a native oxide layer. In this
view, there are presented some competitive surface preparation procedure e.g. controlled
chemical etching, controlled cleavage or Ar+ ion sputtering dedicated to device
manufacturing. The morphological and electrical quality of metal thin films deposited on
III-V semiconductors have been investigated in different characterization techniques
besides others X-ray photoelectron spectroscopy (XPS), Atomic force microscopy (AFM)
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or Rutherford back-scattering spectroscopy (RBS). The experimental effort regarding the
study of deposited thin metal films on III-V semiconductor compounds is of interest in
controlling surface material preparation and processing for developing a competitive
technology in dedicated device applications.
Chapter 6 presents authors’ experience in production and characterization of planar optical
waveguide layers obtained via proton exchange in lithium niobate. A methodology for
characterization of such layers is demonstrated on particular samples which were prepared
at different technological regimes aiming to obtain a variety of phases with different
quotas composing the proton-exchanged layer.
Chapter 7 discusses the metal oxide nanomaterials obtained by sol-gel and microwave
assisted sol-gel methods.
Chapter 8 is devoted to the new heterostructures for higher power microwave
DA-pHEMTs. It shows that donor-acceptor doping used to create localization barriers
makes possible to increase the effective QW depth significantly, up to 800-900 meV,
describes the results of the study of structural, optical and electrical characteristics of DApHEMT heterostructures, discusses the scattering mechanisms limiting the 2DEG
mobility in such heterostructures and demonstrates the parameters of microwave
DA-pHEMTs.
Chapter 9 presents electrothermal simulations of power high-electron mobility transistors
(HEMTs) by several simulation methods: 2/3-D device FEM simulation, mixed-mode
setup and LEM simulation. Their features and limitations are analyzed. More accurate
electrothermal model of the HEMT is proposed and implemented to simulations.
Chapter 10 describes the reading of sensitive data from cache memories and the efficient
hardware level countermeasures that can be considered to improve the security.
Chapter 11 reports the cost and power efficient double data rate fourth-generation
transmitter with 3-tap equalize with 20 nm process node.
Chapter 12 discusses challenges and opportunities for SiC MOSFETs processing.
Chapter 13 presents a short review on metal oxide semiconductor (MOS) gas sensors and
the parameters affecting their performance.
I shall gratefully receive any notices, comments and suggestions from readers to make the
next volume of 'Advances in Microelectronics: Reviews' interesting and useful.
Dr. Sergey Y. Yurish
Editor
IFSA Publishing
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Chapter 1

Design of Au-based Micro-components
with High Structure Stability for Applications
in MEMS Inertial Sensors
Tso-Fu Mark Chang, Chun-Yi Chen, Yota Ishizuka,
Minami Teranishi, Takuma Suzuki, Daisuke Yamane,
Toshifumi Konishi, Katsuyuki Machida, Kazuya Masu
and Masato Sone1

1.1. Introduction
MEMS (micro-electro-mechanical systems) is the technology of micro-scale devices.
Examples are sensors, actuators, and mechanical components with simple designs such as
micro-cantilevers integrated on the same chip [1]. MEMS is widely used in electronics
product, such as an inertial sensor in automobile airbag devices and household game
machines. Much attention has been paid to MEMS inertial sensors with wide sensing
range and high resolution [2]. Recently, integration of complementary metal-oxidesemiconductor-micro-electro-mechanical system and MEMS (CMOS-MEMS)
technology has been developed to design MEMS inertial sensors with improved
performance [3, 4]. In order to realize the MEMS structure, a post-CMOS process that
will not affect the CMOS properties is required. Electroplating is a promising post-CMOS
process to fabricate MEMS devices [5] because of the simple process conditions and low
temperature process, which is important since heat is one of the major factors affecting
properties of the CMOS. In addition, properties of the electroplated materials can be
precisely controlled by the electrochemical parameters. Therefore, electroplating can be
employed in fabrication of the MEMS inertial sensors.
In previous studies, we have developed a design of MEMS inertial sensor with enhanced
sensitivity [6-8]. A schematic diagram of the Au-based MEMS inertial sensor is shown in
Fig. 1.1. The high sensitivity is mostly contributed by using Au-based materials as the
proof mass, because density of Au is almost ten times higher than silicon, which is the
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common material in MEMS devices. Density of Au is 19.3 g/cm3, and Si is 2.33 g/cm3
[9]. The high density is beneficial in reducing Brownian noise, and reducing Brownian
noise can directly contribute to sensitivity enhancement and allow further miniaturization
of MEMS inertial sensors. Au materials are known to have special characteristics such as
high chemical stability, corrosion resistance, electrical conductivity and density. These
are all advantageous when applied as electronic components and fabrication processes of
MEMS devices [10-12].

Fig. 1.1. Schematic design of an Au-based MEMS inertial sensor.

On the other hand, Young’s modulus and yield strength [13, 14] of Au are relatively low
when compared with other materials commonly used in MEMS, and the structure stability
becomes a concern in the applications. Based on Euler–Bernoulli beam theory [15], the
structure stability is highly related to Young's modulus of the material used to fabricate
the movable structures. Young's modulus of Au is 78.5 GPa [16], which is considered to
be low when compared to the other commonly used materials in electronic devices, such
as Cu (128 GPa) and Si (165 GPa) [17]. Therefore, the structure stability is expected to
be enhanced when using a multi-layered design composed of a (or multiple) layer of
materials having Young's modulus higher than that of Au. Young's modulus of Ti is
120.2 GPa [16]. Hence, Ti/Au multi-layered design was proposed to solve the concern on
structure stability of Au-based materials [6-8]. In addition, Ti can be used as the barrier
layer and deposition of a Ti layer is a handy process in fabrication of electronic
components.
For practical applications of the Ti/Au multi-layered design in MEMS devices, structure
stability of micro-components utilizing the Ti/Au multi-layered design are evaluated. At
first, mechanical properties of micro-scaled pillars utilizing the Ti/Au multi-layered
design are characterized by micro-compression tests and finite element method (FEM)
simulations. Then structure stability of the Ti/Au multi-layered micro-cantilever with
different aspect ratio and different constraint condition at the fixed end is evaluated.
Electronic devices can experience extreme environment such as the low temperature in
airplane’s baggage compartment or high temperature inside a car in a hot sunny day.
Therefore, temperature structure stability of the Ti/Au micro-cantilevers is evaluated.
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1.2. Micro-mechanical Properties of Ti/Au Multi-layered Pillar
Structure stability of a material is highly related to its mechanical properties. In this
section, mechanical properties of micro-pillars composed of the Ti/Au multi-layered
design are evaluated by micro-compression test and FEM simulation to clarify the effect
on enhancement of the mechanical strength. Dimensions of the pillars are in micro-scale
to include the sample size effect on the mechanical properties [13].
Ti/Au multi-layered structures are prepared on a silicon substrate by series of Ti
sputtering, Au sputtering as the seed layer, and Au electroplating [6]. Three types of the
Ti/Au multi-layered structure are evaluated. One is composed of four Ti/Au layers (ML4).
Designed values of thickness of all the Ti layers (tTi) are 0.1 μm, and designed thicknesses
of the Au layer (tAu) from the 1st to the 4th layer are 0.5, 3, 3, and 12 μm. The other structure
is made up of five Ti/Au layers (ML5), which is having an additional Ti/Au layer on the
ML4 structure and tAu of the 5th Au layer is 10 μm. The last one is another Ti/Au layer
with the tAu at 15 μm on the ML5 structure (ML6). An example of the ML5 structure is
shown in Fig. 1.2.

Fig. 1.2. Example of a structure composed of five Ti/Au layers (ML5).

For the micro-compression test, micro-pillars with a square cross-section are fabricated
from the Ti/Au multi-layered structure by focus ion beam (FIB) milling as shown in
Fig. 1.3. A flat top surface is needed for the compression test, hence some portion of the
top layer is milled away by the FIB. Dimensions of the ML4, ML5, and ML6 pillars
fabricated are 11×11×12.5 μm3, 15.5×15.5×27 μm3, and 19×19×42 μm3, respectively.
Images of the three as-fabricated micro-pillars are shown in Figs. 1.4(a), 1.5(a) and 1.6(a).
The micro-compression tests are conducted with a testing machine specially designed for
micro-specimens. The compression is conducted at a constant displacement rate of
0.1 μm/s using a piezo-electric actuator. Details of the micro-pillar fabrication procedures
and the micro-compression test are reported in a previous work [18].
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After the compression test, the top Au layer experiences the highest degree of deformation
when compared with other Au layers. Especially for the ML4 specimen shown in
Figs. 1.4(b) and (c), the top Au layer deforms into a barrel-shape, which is a typical
deformation behavior of specimens composed of polycrystals. The difference in degree of
the deformation between each Au layer in a pillar is suggested to be caused by the Ti
layers, although the tTi is only 0.1 μm. The strain should distribute evenly along the loading
direction for specimens compose of the same material. In this case, strengths of Ti are
much higher than those of Au. Hence, penetration of the strain from top surface to bottom
of the pillar is restrained for some degree at each Au and Ti interfaces, and results the
gradual decrease in degree of the deformation from the top Au layer to the bottom
Au layer.

Fig. 1.3. FIB fabrication of the Ti/Au Multi-Layered Pillar.

Fig. 1.4. Side view of the as-fabricated four
Ti/Au layered micro-pillar (ML4) (a) before
and (b) after the compression test, and (c) tilted
view of the deformed micro-pillar.
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Fig. 1.5. Side view of the as-fabricated five
Ti/Au layered micro-pillar (ML5) (a) before
and (b) after the compression test, and (c)
tilted view of the deformed micro-pillar.
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Fig. 1.6. Side view of the as-fabricated six Ti/Au layered micro-pillar (ML6) (a) before
and (b) after the compression test, and (c) tilted view of the deformed micro-pillar.

After the compression test, engineering stress (σE) and engineering strain (εE) are
calculated using the following equations.
E 

P ,
A0

(1.1)

E 

H ,
H0

(1.2)

where P is the applied force, A0 is the cross-sectional area before the compression test, ∆H
is the displacement of the indenter, and H0 is the height of the pillar before the
compression test. In mechanical testing of micro-specimens, the yield point between the
elastic and plastic regions is usually not clear, and the yield stress is determined by the
cross-point of the stress-strain (SS) curve and 0.2 % offset line of the elastic deformation
region [19]. SS curves generated from micro-compression tests of the three Ti/Au multilayered pillars are shown in Fig. 1.7. The 0.2 % yield stress are 134.2, 196.4, and 196.6
MPa for the ML4, ML5, and ML6 pillar, respectively. The 0.2 % yield stress is increased
as number of the Ti/Au layer increases. The Ti layers would restrain the deformation,
hence movement of dislocations across each Ti layer is limited to cause the increase in
the 0.2 % yield stress.
FEM simulations are conducted to evaluate the strengthening effect caused by the Ti/Au
multi-layered design. The simulations are conducted using COMSOL Multiphysics
ver. 5.2a. Simulations of three pillars each having the same dimensions as the ML4, ML5,
and ML6 but composed of entirely pure Au are studied as comparisons. Three more pillars
having the same dimensions and structure as the ML4, ML5, and ML6 evaluated in the
micro-compression test are evaluated.
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Fig. 1.7. Engineering stress-strain curves of the ML4, ML5, and ML6 micro-pillars.

After the compression, the pillars composed of entirely gold all show the typical
barrel-shape deformation as shown in Fig. 1.8. Cross-sectional areas of the two retrained
surface, top surface where it has contact with the indenter and bottom surface where it has
contact with the substrate, remain almost constant after the compression. The
cross-sectional area gradually increases toward middle part of the pillar. On the other
hand, in Fig. 1.9, the three Ti/Au multi-layered pillars show similar deformation behaviors
as those observed from the micro-compression test, especially for the ML4 structure. In
Fig. 1.9(a), each Au layer exhibits its own barrel-shape deformation, and the top Au layer
has the highest degree of deformation, which the cross-sectional area is the largest among
the four Au layers in the ML4 structure.

Fig. 1.8. FEM simulation results of pure Au micro-pillars having the same dimensions
as the (a) ML4, (b) ML5, and (c) ML6 micro-pillars.

Fig. 1.9. FEM simulation results of the (a) ML4, (b) ML5, and (c) ML6 micro-pillars.

28

Chapter 1. Design of Au-based Micro-components with High Structure Stability for Applications in MEMS
Inertial Sensors

The SS curves generated by the FEM simulations are shown in Fig. 1.10. For the three
entirely Au pillars, the simulation results are all the same and labeled as Au monothetic
in Fig. 1.10. For the entirely Au, the 0.2 % yield stress is 262.1 MPa. The value is higher
than that of the bulk Au, which is results of the sample size effect [13]. 0.2 % yield stresses
of the ML4, ML5, and ML6 pillars are 264.7 MPa, 265.2 MPa, and 265.6 MPa,
respectively. Again, the 0.2 % yield stress increases with an increase in number of the
Ti/Au layer. The trend corresponds well with the trend observes from the
micro-compression test.

Fig. 1.10. Engineering stress-strain curves of the ML4, ML5, and ML6 micro-pillars
generated by the FEM simulations.

The Ti/Au multi-layered design is confirmed to have a positive effect on strengthening of
structures in micro-scale from micro-compression tests and FEM simulations. Mechanical
strengths of Ti are much larger than those of Au, but ratio of the Ti layers in the pillar is
very small. Hence, the difficulty for dislocations to move across the Ti/Au interface is
suggested to play an important role in the strengthening.

1.3. Structure Stability of Ti/Au Single Layered Cantilever
The Ti/Au multi-layered design has been applied in MEMS inertial sensors [6-8], and the
multi-layered design is expected to allow further size reduction and improvement in the
sensitivity of MEMS devices. In this section, structure stability of Ti/Au single layered
micro-cantilevers is investigated by observing tip deflection (∆htip) of the micro-cantilever
using a 3D optical microscope (OM) and FEM simulations.
Fig. 1.11 shows fabrication process of the Ti/Au single layered micro-cantilevers. The Ti
layer is formed by evaporation to be used as the barrier layer on SiO2 deposited silicon
wafer. Then a thin layer of Au is also evaporated to be used as the seed layer in Au
electroplating. After deposition of the seed layer, series of lithography and electroplating
processes are conducted to fabricate the micro-cantilevers. More details of the lithography
and electroplating processes could be found in a previous study [6]. The micro-cantilevers
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are annealed at 310 °C during the fabrication process, which is the highest temperature
used in the MEMS fabrication process.

Fig. 1.11. Fabrication process of the Ti/Au single layered micro-cantilever.

Fig. 1.12 shows a schematic view of the Ti/Au single layered micro-cantilever composed
of an electrodeposited Au upper layer and an evaporated Ti bottom layer on a SiO2
deposited silicon wafer. Designed values of the dimensions are list in Table 1.1.

Fig. 1.12. Schematic view of the Ti/Au single layered cantilever.
Table 1.1. Design parameters of the Ti/Au single layered micro-cantilevers.
l [μm]

w [μm]

tAu [μm]

tTi [μm]

100 ~ 500

10

3, 10, 12

0.1

Top view of the as-fabricated micro-cantilevers is observed by an OM shown in Fig. 1.13,
and distance between each micro-cantilever is 100 μm. From the top view, there is clearly
30

Chapter 1. Design of Au-based Micro-components with High Structure Stability for Applications in MEMS
Inertial Sensors

no deformation in directions parallel to the substrate surface. The result is expected since
deformation in directions parallel to the substrate surface is mostly caused by inadequate
fabrication process or poor handling of the samples. More details of micro-cantilevers can
be observed from a tilted view image by a scanning electron microscope (SEM), and the
image is shown in Fig. 1.14. The fixed end is composed of the Ti/Au multi-layered design.
On the other hand, there is no contact between the micro-cantilever and top surface of the
substrate from the SEM observation.

Fig. 1.13. Optical photomicrograph of the as-fabricated Ti/Au single layered micro-cantilevers.

Fig. 1.14. SEM image of the as-fabricated Ti/Au single layered micro-cantilevers
magnified at fixed end.

Height profiles of the micro-cantilevers with the tAu = 3 (Fig. 1.15), 10 (Fig. 1.16), and
12 μm (Fig. 1.17) are measured by the 3D OM. In general, all the micro-cantilevers
showed a downward deflection because of self-weight of the micro-cantilevers. This is
why the Ti layer is used as the bottom layer to improve the structure stability. In addition,
degree of the downward ∆htip increases as the length (l) increases, which indicates a
weakened structure stability as the l increases.
Regarding effect of the tAu, the structure stability is high when the tAu is thick. For the
micro-cantilever with the tAu = 3 μm and the l = 500 μm, entire body of the cantilever
bends downward, and the tip becomes very close to surface of the silicon wafer as shown
in Fig. 1.15. Even for the micro-cantilever with a shorter l at 100 μm, the cantilever is not
straight. When the tAu is increased to 10 and 12 μm, the ∆htip gradually decrease. A
summary of ∆htip’s of the micro-cantilevers with a fixed w, various tAu and the l varied
from 100 to 500 μm is shown in Fig. 1.18.
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Fig. 1.15. Height profiles of the Ti/Au single
layered micro-cantilevers with w = 10 µm,
tAu = 3 µm, and l varied from 100 to 500 µm.

Fig. 1.16. Height profiles of the Ti/Au single
layered micro-cantilevers with w = 10 µm,
tAu = 10 µm, and l varied from 100
to 500 µm.

Fig. 1.17. Height profiles of the Ti/Au single layered micro-cantilevers with w = 10 µm,
tAu = 12 µm, and l varied from 100 to 500 µm.
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Fig. 1.18. Tip deflections of the Ti/Au single layered micro-cantilevers with w = 10 µm, tAu = 3,
10, and 12 µm, and l varied from 100 to 500 µm.

Effects of the width (w) on the ∆htip, or the structure stability, are summarized in Fig. 1.19.
Again, ∆htip of the micro-cantilever decreases as the l increases, but there is no obvious
difference between micro-cantilevers with different w. That is, there is no width
dependency in the structure stability.

Fig. 1.19. Tip deflections of the Ti/Au single layered micro-cantilevers with w = 5, 10,
and 15 µm, tAu = 10 µm, and l varied from 100 to 500 µm.

Effects of the Ti/Au f structure on the structure stability are evaluated by FEM (Finite
Element Method) simulations [20]. Dimensions and structures of the
micro-cantilevers evaluated are the same as those studied in the OM observation, shown
in Fig. 1.12 and Table 1.1. Results obtained from the OM observation and the FEM
simulations are compared with each other. The FEM simulations are conducted using
COMSOL Multiphysics to model deformation behaviors of the Ti/Au single layered
micro-cantilevers. The micro-cantilever is modeled on a beam part by using original
material constants provided by COMSOL [21]. Fixed end constraint conditions are used
to monitor the ∆htip, and symmetry condition is applied along the l of the micro-cantilever
to reduce the computation time. The equations of linear elastic material are selected in the
category of solid mechanics. The properties of linear elastic materials such as Young's
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modulus, thermal expansion coefficient, Poisson's ratio and density are applied in the
simulation. Young’s modulus of Ti and Au are 115.7 and 78.5 GPa, respectively, thermal
expansion coefficient of Ti and Au are 8.6×10-6 and 14.2×10-6 K-1, respectively [16]. The
effect of an increase in the temperature from 20 to 310 °C on deformation behaviors of
the micro-cantilevers is simulated. Based on the above conditions, the FEM simulations
are performed.
Fig. 1.20 shows FEM simulation results of the micro-cantilever with the l varied from
100 to 500 µm, the w of 10 µm and the tAu of 10 µm. For all of the micro-cantilevers,
downward ∆htip’s are observed. Degree of the deflection is increased as l of the
micro-cantilevers increases.

Fig. 1.20. FEM simulation results of the Ti/Au single layered micro-cantilever with w = 10 µm,
tAu = 10 µm and l at (a) 100 µm, (b) 200 µm, (c) 300 µm, (d) 400 µm and (e) 500 µm.

FEM simulation results of the micro-cantilevers with different tAu and w are shown in
Fig. 1.21. Downward ∆htip’s are observed in all of the micro-cantilevers. Also, an increase
in tAu leads to a smaller ∆htip and better structure stability as shown in Figs. 1.21 (a) to (c).
Results of micro-cantilevers with different w are shown in Figs. 1.21 (b), (d), and (e),
which the w is varied from 5 to 15 µm. For the micro-cantilevers with different w,
downward ∆htip’s are observed. No obvious change in the ∆htip is observed when the w
changes. As shown in the FEM simulation results, the ∆htip’s are considered to be mainly
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caused by the difference in thermal expansion coefficient between Ti and Au, because the
MEMS fabrication process involves heat treatment at 310 °C. Thermal expansion
coefficient of Au is larger than that of Ti, and Au is the top layer, hence degree of the
volume expansion of the top layer will be larger than that of the bottom layer to cause a
downward deflection.

Fig. 1.21. FEM simulation results of 100 µm long micro-cantilevers with (a) w = 10 µm
and tAu = 3 µm, (b) w = 10 µm and tAu = 10 µm, and (c) w = 10 µm and tAu = 12 µm,
(d) w = 5 µm and tAu = 10 µm and (e) w = 15 µm and tAu = 10 µm.

Fig. 1.22 shows ∆htip results obtained from the OM observation and the FEM simulation
for the micro-cantilevers with the l varied from 100 to 500 µm, the tAu fixed at 10 µm, and
the w fixed at 10 µm. Both the OM observation and the FEM simulation results show an
increase in degree of the ∆htip, and poorer structure stability is observed with an increase
in l of the micro-cantilever. The downward deflections are larger for the results by FEM
simulation when compared with results from the OM experiments. Table 1.1 shows a
summary of the ∆htip obtained by the OM observation and the FEM simulation for the
micro-cantilevers with the l of 100 µm, the w of 10 µm, and the tAu’s of 3 µm, 10 µm, and
12 µm. Good agreements are obtained between the OM observation and the FEM
simulation results, which the degree of ∆htip lowers as the tAu increases. The differences
between the OM observation and the FEM simulation are very small, and the differences
might be caused by other factors involved in deformation of the micro-cantilevers, which
are not considered in the FEM simulation. For example, metallic Ti oxidizes easily and
thin layer of titanium oxides would form on surface of the bottom Ti layer during the
fabrication process, especially when annealing treatment is involved. Young's modulus of
TiO2 is 270 GPa [5], which is much higher than the value of Au and Ti. Also, the high
annealing temperature can contribute to formation of intermetallic at the Ti/Au interface.
Therefore, information of the TiO2 layer, intermetallic layer, and heat treatment conditions
should be included in the FEM simulation to provide more precise results.
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Fig. 1.22. FEM simulation and OM observation results of tip deflections of Ti/Au single layered
micro-cantilevers with w = 10 µm, tAu = 10 µm, and l varied from 100 to 500 µm.

Effects of the length, thickness and width on the structure stability can be explained by
the Euler–Bernoulli beam theory for cantilever beams with uniformly distributed load
[15]. The equations of Euler–Bernoulli beam theory for cantilever beams with uniformly
distributed load are listed as follows:
Shear force at the fixed end (Q):
𝑄

𝑞𝑙

(1.3)

ql 4
8 EI

(1.4)

Deflection at the tip (∆htip):
 htip 

Second moment of area (I):

I

 tAu  tTi 
12

3

w

,

(1.5)

where q is the distributed load, in other words a force per unit length, l is the length of the
cantilever, E is the Young's modulus, tAu is the thickness of the Au layer, tTi is the thickness
of the Ti layer, and w is the width of the cantilever. According to the theory, equation
(1.4), degree of bending or deflection at tip of the cantilever (∆htip) is increased with an
increase in the l. An increase in the tAu would lead to an increase in the I according to
equation (1.5), which then cause a decrease in the ∆htip according to equation (1.5). Based
on these equations, results shown in Fig. 1.22 and Table 1.2 correspond well to the
Euler-Bernoulli beam theory. On the other hand, as shown in Fig. 1.19, the ∆htip’s did not
vary much for the micro-cantilevers when the w varies. This might be because the w has
a relatively low influence to the ∆htip when compared with the other parameters, as shown
in equation (1.5).
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Table 1.2. Comparison of the tip deflection of the micro-cantilevers with the length of 100 µm,
the width of 10 µm, and the Au thickness of 3 μm, 10 μm and 12 μm obtained by the OM
and FEM simulation.
tAu
[μm]
3
10
12

Tip deflection, ∆htip [μm]
OM observation
FEM simulation
-0.88
-0.63
-0.06
-0.08
-0.07
-0.07

In this section, deformation behaviors of Ti/Au single layered micro-cantilevers with
different dimensions are evaluated by OM observation and FEM simulations. The ∆htip
observed in the simulation is suggested to be mainly caused by the difference in thermal
expansion coefficient between Ti and Au. Results obtained from the OM observation and
the FEM simulation all show downward ∆htip for the micro-cantilevers, and the degrees
of ∆htip are similar between both methods. Effects of the l, tAu, and w on the ∆htip are in
good agreement between the OM observation, the FEM simulation, and Euler–Bernoulli
beam theory, which the structure stability becomes worse with an increase in the l and
when the tAu is too thin.

1.4. Effect of the Constrained Fixed End on the Structure Stability of Ti/Au
Single Layered Cantilever
In practical applications of the Ti/Au multi-layered design in MEMS devices, constraint
conditions at fixed end of the micro-cantilever structure could vary. Top surface at the
fixed end can be either free or exposing to air, and the bottom surface can be constrained
to a structure. Also, both the top and bottom surface can be sandwiched between two other
structures. Constraint conditions at the fixed end will affect deformation behavior and
structure stability of the micro-cantilever, which would influence practical implantation
of the Ti/Au multi-layered structure in MEMS devices. Therefore, in this section, effects
of constraint conditions at the fixed end, such as constraining both the top and the bottom
surfaces or the bottom surface only, on structure stability of micro-cantilevers comprised
of the Ti/Au single layered structure will be reported. The evaluations are carried out by
measuring the tip deflection (∆htip) using results obtained from a 3D optical microscope
(OM) and finite element method (FEM) simulations.
Fig. 1.23 shows SEM images of the Ti/Au single layered micro-cantilevers fabricated by
a series of lithography and electroplating processes. More details of the fabrication
processes are provided in a previous study [6]. A schematic diagram of the Ti/Au
micro-cantilever is shown in Fig. 1.24. Two types of the micro-cantilever are studied.
Type one is with constraint on bottom surface of the fixed end only. Type two is with
constraints on both top and bottom surfaces of the fixed end. Micro-cantilevers with
different dimensions are prepared. Width (w) of the micro-cantilevers is fixed at 15 μm.
Thickness of the Au layer (tAu) is 15 μm. Thickness of the Ti layer (tTi) is 0.1 μm. Various
length (l) of the micro-cantilevers are used, which are 50, 100 and 200 μm.
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Fig. 1.23. SEM image of the (a) Ti/Au micro-cantilevers array with the length varied from 50 µm
to 200 µm, width of 15 µm and Au thickness of 15 µm, the (b) type one and the (c) type two
Ti/Au micro-cantilevers with a length of 50 µm, width of 15 µm and Au thickness of 15 µm.

Fig. 1.24. Schematic diagrams of the (a) type one and the (b) type two Ti/Au micro-cantilevers.

Structure stability of the Ti/Au micro-cantilevers are evaluated by observing height profile
of the micro-cantilevers using an OM equipped with a 3D measurement function. Height
of top surface of the micro-cantilever (hx) at a position x away from the fixed end is
determined along long-side of the micro-cantilever in a step size (d) of 0.1 μm by the OM.
The structure stability is quantified by calculating the height difference along the microcantilever body (Δhx), which is the difference between the hx and the height at the fixed
end (h0). The equation is shown in the following:

hx  hx  h0 .

(1.6)

For the type two micro-cantilevers, because of the constraint on top surface of the fixed
end, height of the top surface of the micro-cantilever body at a location very close to the
fixed end is used as the h0. The deflection at the tip (Δhtip) and average deformation of the
entire micro-cantilever (Δhave,l) are also calculated. The equation for Δhave,l is shown in the
following:
l

have,l
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where l is the total length of the micro-cantilever. d is the step size of the measurement,
which is 0.1 μm in this case. Fig. 1.25 shows height difference profile of the two types of
the Ti/Au micro-cantilevers with the l of 50, 100, and 200 μm observed by the OM. The
red horizontal line represents the height at the fixed end, which is used as the baseline to
determine deformation of the micro-cantilevers. In Fig. 1.25 (a), height of the type one
(only bottom constrained) micro-cantilever at different location along the long-side
deviates significantly from the baseline. It gradually bends downward from the fixed end
to the tip. Downward deflections of 1.55 to 2.26 µm are observed at the tip as the l
increases from 50 to 200 µm as shown in Table 1.3. The Δhave,l increases from 0.883 to
1.560 µm as the l increases from 50 to 200 µm. The results indicate structure stability of
the Ti/Au micro-cantilever is lowered with an increase in the l. This behavior occurs
because of the increase in the beam’s own weight as the l increases, which follows the
Euler-Bernoulli beam theory well. Nerveless, the deformation is still insignificant when
compared with length of the micro-cantilever, which demonstrates the Ti/Au
multi-layered design’s positive contribution to the structure stability.
Table 1.3. Structure stability determined from the OM results.

Fig. 1.25. Height difference, Δh, profile of the (a) type one and the (b) type two micro-cantilever
with a length of 50, 100, 200 µm measured by the OM; the red line represent Δh = 0
along the entire l.
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On the other hand, the type two (top and bottom constrained) micro-cantilevers deform
mostly upward from the baseline, but a downward deflection is observed at the tip as
shown in Fig. 1.25(b). The upward deformation is suggested to be simply reflecting
surface roughness on top surface of the micro-cantilever as shown in Figs. 1.22(b) and
(c). In general, all of the type two micro-cantilevers do not deform much from the fixed
end to the tip. The ∆htip’s are all negative indicating a downward deflection and vary from
-0.32 to -1.06 µm as the l varies from 50 to 200 µm as shown in Table 1.3. The Δhave,l
varies from 0.315 to 0.447 µm as the l varies from 50 to 200 µm. From the result of the
type two micro-cantilever, the l becomes less influential on the structure stability, which
is different from the result of the type one micro-cantilever. In addition, both the Δhtip and
the Δhave,l are all lower for the type two micro-cantilever when compared with the type
one cantilever.
FEM simulations are carried out using a simulation software (COMSOL Multiphysics) to
analyze deformation behaviors of the micro-cantilevers. The micro-cantilever analyzed is
composed of two parts, one part is the fixed end and the other is the beam body. For the
type one micro-cantilevers, the fixed end is modeled as having the same width, which is
15 μm, as width of the beam body. On the other hand, for the type two micro-cantilevers,
width of the fixed end is set to be 30 μm. For the type one, only bottom surface of the
fixed end is restrained. For the type two, both of upper and lower surface of the fixed end
are restrained. The equations of linear elastic material are selected in the category of solid
mechanics. Constants of linear elastic materials such as Young's modulus, thermal
expansion coefficient, Poisson's ratio and density are applied in the simulation. The
constants are provided by the database embedded in the COMSOL Multiphysics. Young’s
modulus of Ti and Au are 115.7 and 70 GPa, respectively. Thermal expansion coefficient
of Ti and Au are 8.6×10-6 and 14.2×10-6 K-1, respectively. The effect of an increase in the
temperature from 20 to 310 °C on deformation behaviors of the micro-cantilevers is
simulated. Based on the conditions mentioned above, the FEM simulations are performed.
The Δhtip and the Δhave,l are also calculated to quantify the structure stability.
Fig. 1.26 shows FEM simulation results of the type one micro-cantilevers with the tAu of
15 µm, the w of 15 µm and the l varied from 50 µm to 200 µm. Length of the fixed end
part is set to be 34 µm long, hence total lengths of the 50, 100, and 200 µm specimens
shown in Fig. 1.26 are 84, 134, and 234 µm long, respectively. For the three type one
micro-cantilevers, upward deformations at ca. x = 20 µm are observed. As mentioned
before, the fixed end is from x = 0 to 34 µm. Hence, the upward deformation mainly occurs
at the fixed end part, and the micro-cantilever body mostly shows a downward
deformation. Degree of the downward deflection increases as the l increases. FEM
simulation results of the type two micro-cantilevers are shown in Fig. 1.27. Similar to
FEM simulations of type one cantilevers, length of the fixed end part is set to be 34 µm
long. Upward deformation are observed on top surfaces of the micro-cantilever at location
near the fixed end, but downward deflection is observed when approaching the tip.
Height difference profiles of the type one and type two micro-cantilevers are shown in
Fig. 1.28. Information of the ∆htip and the Δhave,l are shown in Table 1.4. Generally, the
results are similar to the results obtained from the OM observations. For the type one,
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downward ∆htip’s are obtained, and degree of the deflection and the Δhave,l increase as the
l increases. For the type two, the deformations are all smaller when compared to the type
one. As indicated by the FEM result of the type one micro-cantilever shown in Fig. 1.26,
the deformation takes place at the fixed end leads to significant negative effects on the
overall structure stability. Hence, when the fixed end is sandwiched between two
structures that is constrained on both top and bottom surfaces of the fixed end, the overall
structure stability is improved.

Fig. 1.26. FEM simulation results of the type one micro-cantilever with the Au thickness
of 15 µm, the width of 15 µm and the length of (a) 50 µm, (b) 100 µm, and (c) 200 µm.

Fig. 1.27. FEM simulation results of the type two micro-cantilever with the Au thickness
of 15 µm, the width of 15 µm and the length of (a) 50 µm, (b) 100 µm, and (c) 200 µm.

Fig. 1.28. Height difference, Δh, profile of the (a) type one and the (b) type two micro-cantilever
with a length of 50, 100, 200 µm evaluated by the FEM; the red line represent Δh = 0
along the entire l.
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Table 1.4. Structure stability determined from the FEM results.

Structure stability of the Ti/Au single layered micro-cantilevers with two types of
constraint at the fixed end is evaluated from OM observation and FEM simulation. The
micro-cantilevers with constraints on both top and bottom surfaces of the fixed end
demonstrate an improved structure stability when compared with the micro-cantilevers
having constraint on bottom surface of the fixed end only. The FEM results reveal that
deformation at the fixed end plays an important role on the overall structure stability. By
sandwiching the fixed end between two structures, deformation at the fixed end can be
suppressed and contribute to enhancement of the structure stability.

1.5. Temperature Dependency of Structure Stability of Ti/Au Multi-layered
Micro-cantilever
In Sections 1.3 and 1.4, structure stability of the Ti/Au micro-cantilever is evaluated by
observing tip deflection (∆htip) of the micro-cantilevers with different thickness of the
electroplated Au layer (tAu) [25, 26]. The structure stability is improved as number of the
Ti/Au layer increases. During practical application of the Ti/Au multi-layered design in
MEMS devices, the device can be exposed to extreme temperature environment.
Examples are baggage compartments of an airplane at the cruising altitude, truck space of
a car in a scorching hot day, etc., and effects of the extreme temperature can have severe
effects on the structure stability. Furthermore, in such extreme temperature environment,
since the thermal expansion coefficient of Au is larger than that of Ti, thermal stress can
occur and accumulate in a component utilizing the Ti/Au multi-layered design to cause
deformation of the component. In this section, temperature dependence of the structure
stability of the Ti/Au multi-layered micro-cantilever is reported.
Micro-cantilevers composed of single Ti/Au layer (SL) and double Ti/Au layer (DL), as
shown in Fig. 1.29, are evaluated to clarify effects of the Ti/Au multi-layered design. More
details of the micro-cantilevers are shown in Fig. 1.30. Fig. 1.30 (a) shows a SL
micro-cantilever with the tAu at 3 μm. Fig. 1.30 (b) is a DL structure in which a Ti/Au
layer with 12 μm thick Au layer is stacked on another Ti/Au layer with 3 μm thick Au
layer.
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Fig. 1.29. Schematic image of the Ti/Au micro-cantilever: (a) Single layer, SL,
and (b) double layer, DL.

Fig. 1.30. Images of the Ti/Au micro-cantilevers: (a) SL and Au thickness = 3 μm,
(b) DL and total thickness = 15 μm (3 μm + 12 μm).

The temperature dependency test is carried out in a thermostat under vacuum condition.
The test starts from 20 °C, then heats up to 100 °C, follows by cooling down to -50 °C,
and heats up back to 20 °C. A step-size of 10 °C and a rate of 1 °C/min are used during
the heating and cooling processes. The temperature is kept for 5 min when reaching the
specific temperature in each step before going to the next step. Considering the
mechanism of thermal deformation due to the difference in thermal expansion coefficient
of the two materials, only deformation in a direction perpendicular to the substrate surface
is considered. The structure stability is evaluated by measuring the height profile using a
3D optical microscope (OM) and finite element method (FEM) simulations. Height of the
top surface (h) is defined as the distance between surface of the silicon substrate and top
surface of the micro-cantilever.
Figs. 1.31, 1.32, and 1.33 show height profiles of the micro-cantilevers with the l varied
from 400 to 600 μm before and after the temperature dependency test. In general, level of
the ∆htip is expected to increase with an increase in l of the micro-cantilever.
Micro-cantilevers with the SL structure and the tAu at 3 μm deflect downward for all
lengths of the micro-cantilever before the temperature dependency test. After the test,
heights at the tip deflect about 10 μm upward for all lengths of the micro-cantilever. There
is a light increase in degree of the ∆htip as the l increases.
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Fig. 1.31. Height profiles of the Ti/Au micro-cantilevers measured by a 3D OM with the length
at 400 µm. The solid line indicates before the test and the dashed line represents after the test.

Fig. 1.32. Height profiles of the Ti/Au micro-cantilevers measured by a 3D OM with the length
at 500 µm. The solid line indicates before the test and the dashed line represents after the test.

Fig. 1.33. Height profiles of the Ti/Au micro-cantilevers measured by a 3D OM with the length
at 600 µm. The solid line indicates before the test and the dashed line represents after the test.

For the DL structure, almost no difference in the height is observed at all lengths before
and after the test. Therefore, an increase in the structure stability is confirmed by
increasing number of the Ti/Au layer.
FEM simulations are carried out by analyzing thermal deformation behaviors of the Ti/Au
beams using COMSOL Multiphysics version 5.2a. The model is a simple beam-shape
model omitting the fixed end. Furthermore, due to restrictions on performance of the
computer, the simulation is conducted using l of the beam at 100 μm. The tTi is 0.1 μm,
and the tAu is 3 μm or 15 μm for the SL structure, and the DL structure has a total thickness
of 3 + 12 μm. A SL cantilever with the tAu at 15 μm is prepared to clarify effects of the
multi-layered design. In both SL and DL models, it is assumed that the Ti layer and the
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Au layer are completely and tightly adhered to each other, and an integrated structure is
formed. The deformation behaviors are controlled by setting the “Physics” function in
COMSOL Multiphysics. The equation of linear elastic material is chosen within the
category of solid mechanics. Heat treatment process at conditions the same as that
conducted in the experiments is performed to simulate the effect of temperature change
on thermal deformation behaviors of the micro-cantilever. All simulations performed are
time independent (stationary analysis).
Figs. 1.34, 1.35, and 1.36 show FEM simulation results of the SL cantilevers with tAu at
3, 15, and the DL cantilever at 12 + 3 μm, respectively. For all cantilevers, similar trends
in the ∆htip when the temperature varied are observed. All the cantilevers show downward
deflections when the temperature is increased from 20 to 100 °C, upward deflections when
the temperature is decreased to -50 °C, and downward deflections when the temperature
is returned to 20 °C. There is no deformation parallel to the substrate surface in the
simulation. Therefore, the deflection is considered to be mainly due to the difference in
thermal expansion coefficient between Ti and Au. Values of the ∆htip in each heat
treatment cycle are summarized in Table 1.5. Degree of the ∆htip decreases in the order of
the SL at 3 μm, the SL at 15 μm, and the DL at 12 + 3 μm. By comparing results of the
two SL cantilevers, enhancement in the structure stability is observed by increasing the
tAu, which follows the relationship introduced in Section 1.3. Further enhancement in the
structure stability is observed for the DL structure when comparing with the SL at 15 μm.
Young's modulus of Ti is higher than that of Au, and there are more Ti layers in the DL
structure that results the enhanced structure stability. Moreover, values of the ∆htip of the
DL structure are all very small with respect to the thickness (12 + 3 μm), which is
considered to be advantageous for applications in MEMS devices.

Fig. 1.34. FEM simulation results of the beam with the length of 100 µm, the width of 20 µm,
and the Au thickness 3 μm.

Fig. 1.35. FEM simulation results of the beam with the length of 100 µm, the width of 20 µm,
and the Au thickness 15 μm.
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Fig. 1.36. FEM simulation results of the beam with the length of 100 µm, the width of 20 µm,
and the Au thickness 3 + 12 μm.
Table 1.5. Summary of tip deflections of the SL and DL obtained by FEM simulation.

Results from the experiments and the FEM simulations correspond well with each other,
which better structure stability against the heat treatment is achieved in the thicker
structure. However, values of the ∆htip are not exactly the same between the two evaluation
methods. First, regarding the SL structure, a relatively small downward deformation of
about 1 μm is obtained for the 3 μm thick cantilever from simulations, but in the
experiment, an upward deformation of about 10 μm is observed. During deformation of
cantilevers, the stress concentration part is at the fixed end. One of the causes of the
difference between the simulation value and the experimental value is the difference in
shape of the fixed end. Geometry of the cantilever takes unadulterated rectangular
cross-section in FEM simulation, but in the experiment, the cross-section is not perfect
rectangular cross-section. Furthermore, the Ti/Au micro-cantilevers prepared by
lithography and electrodeposition processes have a rough top surface, which could also
affect the result.

1.6. Conclusions
In this chapter, micro-mechanical properties of micro-pillar comprise of multiple Ti/Au
layers and structure stability of micro-cantilevers utilizing the Ti/Au multi-layered design
are evaluated for applications in MEMS inertial sensors. In Section 1.2, an enhancement
in the mechanical strength is observed when number of the Ti/Au layer in the micro-pillar
increases. Structure stability of materials is highly dependent on the mechanical
properties, the strengthening effect provided by the Ti/Au multi-layered design is
advantageous to ensure high structure stability of micro-components utilizing the Ti/Au
multi-layered design.
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Then, structure stability of Ti/Au single layered micro-cantilever is evaluated by
observing tip deflections of the micro-cantilever using 3D optical microscope and FEM
simulations. The experimental results show that the structure stability is lowered with an
increased in the length and a decrease in the Au layer thickness, and the width has very
limited influence. The FEM simulation results correspond well to the OM observation
results. The deflection is suggested to be mainly caused by the difference in thermal
expansion coefficient between Ti and Au. Furthermore, effects of the constraint condition
at the fixed end on the structure stability are also evaluated. Micro-cantilevers having
constraint on both top and bottom surfaces at the fixed end demonstrate higher structure
stability than those with constraint on the bottom surface only.
Temperature dependency test from 20 °C to 100 °C and return back to 20 °C is conducted
to reveal effects of extreme temperature on structure stability of the Ti/Au multi-layered
design. The micro-cantilever with double Ti/Au layer structure shows better structure
stability when compare with single Ti/Au layer structure, which again demonstrates the
advantage of the Ti/Au multi-layered design for applications in MEMS inertial sensors.
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MEMS Microhotplate Constraints
Ferenc Bíró, Zoltán Hajnal, István Bársony and Csaba Dücső 1

2.1. State of the Art
2.1.1. Micro-heaters and Their Applications
Microhotplates provide elevated temperatures up to 800-1000 °C by resistive Joule
heating of the integrated filament to enable chemical reactions on the heated surface or
facilitate physical changes in their vicinity. Devices utilizing microhotplate structures for
local heating are classified in Fig. 2.1 according to the operation temperature. In principle,
when operation below 450-500 °C is needed, e.g. in bio-platforms, semiconductive metal
oxide (MOX) chemical sensors, flow sensors and actuators the high temperature related
degradation phenomena don’t have to be considered. The microhotplate itself is thereby
not a limiting factor in the long-term, stable operation of those devices.
The operation temperature of the thermo-catalytic gas sensors is determined by both the
target gas and the applied catalyst. Therefore, the presented hydrogen sensors operate
around 150-250 °C, whereas most of the methane sensors require much higher
temperatures up to 700-800 °C.
Microhotplates are also used in thermal conductivity type sensors [1]. As the thermal
conductivity of gases (especially methane) increases with temperature, the higher the
temperature the higher is also the sensitivity of the device. When known gas composition
is investigated, thermal conductivity can be utilized in gas flow (mass flow) and pressure
(Pirani) measurements as well [2, 3].
Moreover, the sensitivity of the above devices can also be increased by application of high
TCR material for filament or for the integrated thermometer. In discrete devices operating
up to a few hundred °C, the chemically stable Pt is commonly used [4-13]. Although
polycrystalline silicon is the obvious choice in a CMOS integrated smart device [13-16]
the maximum temperature applicable is inherently limited by the MOS circuit. For high
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temperature operation the most attractive material is single crystalline silicon [17-19].
Micro-heaters were formed from the device layer of a SOI wafer and tested in thermal
conductivity methane sensors at temperatures up to 900 °C [19].

Fig. 2.1. Classification of devices making use of high temperature by locally
heated microhotplates.

The most intensively investigated gas sensors so far operate by chemisorption driven
conductivity change of semiconductive metal-oxide layers, often called MOX. Apart from
a few exemptions MOX sensors operate in the range of 100-400 °C. They are thus less
sensitive for moderate temperature fluctuations; thereby no specific requirements are
associated with the heater of the hotplate [20].
Moderate temperatures up to a few tens or maximum two hundred °C are required in some
thermomechanical actuators presented in [21], like in thermal expansion of paraffin
actuators heated by aluminium filament [22, 23].
IR emitters applying microfilaments may become novel elements in non-dispersive IR gas
sensors. To enhance the sensitivity of these devices, indirect wavelength selective thermal
emitters had been fabricated from metal filaments to generate IR radiation [24]. These
filaments have to operate in the mid-infrared up to 1000 K or even above in the nearinfrared region [25].
2.1.2. Essential Requirements
Although the essential requirement of microhotplate performance is uniformity, the
emphasis is also put on different properties when selecting the “best” structure for a
particular commercial or research application.
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Most important in a commercial device is the stability during the minimum year–long
lifetime next to the low power dissipation and reproducible operation as well as the low
production costs, whereas the knowledge of the real temperature and temperature
distribution across the hotplate surface is rather marginal as long as it does not jeopardize
the functionality.
The exact temperature profile and its stability are, however, essential for research
purposes, especially when catalytic chemical processes are exploited during operation.
The long-term stability, power consumption and lifetime issues are not critical, as long as
they are adequate for to the period of investigation.
The knowledge of exact temperature across the microhotplate is crucial when studying
catalytic reactions of nanomaterials (as called as nanoreactors) [26]. Most important is the
accuracy and stability in settling and read-out of temperature, however exact knowledge
of ambient composition and pressure is also required. These strict operation conditions of
catalytic devices together with the expected lifetime can be essential in industrial
environment as well.
In biochemical research, like in platforms for food kinetics [27], the constant temperature
uniformity and extremely accurate setting up to 100 °C is targeted.
2.1.3. Mechanical Design and Structural Materials
Microhotplates can be classified according to their geometry, quality of structural
materials applied in the heater and in the membrane. The temperature read-out can be
provided by an additional temperature sensor or by the change of resistance of the filament
itself.
In terms of geometry fundamentally full- or perforated-membrane solutions can be
distinguished. While the full-membrane versions offer better mechanical stability, the
suspended hotplates exhibit 5-10 % more efficient thermal isolation at atmospheric
pressure, meaning proportionally less power dissipation [8, 28-30]. The heater is typically
suspended by 1, 2 or 4 arms upon the variety of filament geometry
[50-52]. Alternative structures for peripheral- and full-surface heating are proposed using
various layouts, such as simple Ω-shape [9], rectangular meander, double meander, double
spiral meander and some exotic geometry as well [10, 14, 17].
Apart from the few MOS-channel heating solutions, in most of the devices Pt or
polycrystalline silicon forms the filament, but for IR emitters and gas sensors Cr, W, SiC
and TiN were also proposed [24, 31, 32, 52]. Note that the use of poly-crystalline silicon
is limited to the low or medium temperature range due to re-crystallization at higher
temperatures [14]. By introduction of SOI wafers single crystalline silicon emerged as a
promising filament material candidate [17, 48]. Beside thermomechanical stability of the
membrane (cracking) the filament geometry and the quality of filament material are
considered as the most important factors in device degradation [33]. According to the
generally accepted rule the maximum obtainable filament temperature to maintain
integrity goes up to 30 % of its melting point (Hüttig temperature). Nevertheless, the real
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picture is more complex; phase transitions, recrystallization and chemical reactions must
also be considered as seen from data in Table 2.1.
Tungsten should stand extreme high temperature, however its chemical reactivity limits
the application in vacuum or specific environment (see incandescent lamps). Concerning
activation energies of degradation, poly-crystalline silicon should exhibit better stability
than Pt, but due to re-crystallization and interface phenomena involved its superiority is
questionable.
Table 2.1. Material properties and activation energies of degradation of some filament
materials [13, 34].
Material

Melting point
(°C)

Pt
W
Si

1768
3422
1411

Hüttig
temperature
(°C)
530
1026
423

Activation energy
of degradation
(eV)
2,2
–
4,2

The stress induced thermo-mechanical failures described in [35, 36] led to the application
of various materials and multilayer structures for the isolated membrane. The common
feature of the proposed structures is to provide the best thermo-mechanical properties and
to maintain device stability and integrity during operation. Concerning the structural
materials, SiO2, Si3N4, SiOxNy, Si-rich SiNx and their multilayered combinations
dominate. Besides, SiC, porous silicon and porous alumina have also been reported [7,
16]. For residual stress values below 100 MPa stress compensated multilayer structures
were proposed by Laconte and Rossi [36, 37].
Independent temperature reading is optional and rarely applied. It is typically used in
peripheral heating solutions [9, 11, 29], or when the TCR of the filament material is too
low to allow accurate measurements of the temperature dependent resistance changes.
Due to the low applied current in the additional embedded resistor the chance of
electromigration related degradation can be disregarded [38, 39].
Apart from the still marginal IR emitter function micro-heaters used in catalyticcalorimetric devices are exposed to the most extreme conditions. High temperatures are
used in various gaseous environments, especially when the targeted gas is e.g. methane.
The operation temperature is determined by the catalyst activity; i.e. in case of
thermocatalytic sensors for Pd-Pt and Pt catalysts the operation temperature should exceed
450 °C [12, 40] and 600 °C [9], respectively.
Due to those high operation temperatures severe reliability problems arise in the hotplate
structure. Phase changes, inter-diffusion, migration phenomena and chemical reactions
(oxidation, corrosion) can lead to filament layer adhesion problems and fatal mechanical
or structural damages [53-56]. As the relationship between temperature and deterioration
rate follows an exponential-like function, the higher the required operation temperature
the more challenging is the fabrication of a reliable hotplate. Consequently, to find the
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best design and construction materials, the potential degradation mechanisms must be
identified first. Therefore, in this chapter we focus on the identification and
characterization of the major degradation mechanisms of microfilaments used in
thermocatalytic gas sensors above 500 C.

2.2. Structure and Reliability
2.2.1. Effect of Temperature Gradients
In our previous work we established a correlation between the position of thermal
gradients and defect sites both in meander- and double spiral type Pt filaments [41]. If the
temperature gradient exceeds 0.4 K/μm and the temperature is over 1000 K the cumulative
effect of thermally driven thermo-migration and electron flow driven induced
electromigration result in filament ruptures at well-defined locations of the filament.
There the thermal gradient of the non-uniform temperature distribution along the filament
is the highest and the direction of the cumulative mass transport originating from both
above phenomena coincide (Fig. 2.2).

Fig. 2.2. Positions of ruptures along the rolled-out filament of identical double spiral
microhotplates. Twice eight different hotplates were investigated powering each by 45 mW,
but applying opposite current directions for each as indicated in the SEM images. The positions
of the ruptures clearly reveal the decisive importance of the thermal gradient and the coincidence
of the two identified mass transport phenomena.

2.2.2. Microhotplate Designs Investigated
Realizing the crucial role of temperature non-uniformity and the accompanying high
gradient in device failures alternative designs of micro-heaters were fabricated and tested
(Fig. 2.3). The aim targeted by the new layouts is threefold:
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 Obtaining uniform temperature on a larger area, thereby eliminating the extreme high
temperatures in the center of the hotplates;
 Reduction of critical; temperature gradients along the filament, especially where the
temperature is over c.a. 500 °C;
 Testing the single-crystal silicon heater for durability at high temperature operation.

Fig. 2.3. New layout designs of filaments. Double spiral Pt meanders of modified geometries aim
at improved temperature uniformity (a, b, c) and tailored temperature gradient (b, c).
Single-crystalline silicon heater for durability tests (d).

Pt filaments of modified double spiral geometries were designed for achieving better
temperature uniformity with less temperature gradient. Hotplates No. 1, No. 2 and No. 3
in Fig. 2.3 have an increased size Pt plate in the center to homogenize the temperature. By
narrowing the filament in all the 3 layouts around the central region we also target the
expansion of the uniform area. Moreover, in structures No. 2 and No. 3 the elongated and
step by step widened interconnections at the perimeter serve to attenuate the temperature
gradient.
All structures are full-membrane type and have the same filament composition with
25/300/25 nm TiOx/Pt/TiOx thickness as used in our previous works [41].
Single-crystal silicon cantilever type microheaters were fabricated from the 2 μm thick
n-doped device layer of an SOI wafer (Fig. 2.3, No. 4). The filament is coated with
100 nm SiO2 layer to passivate the surface at high temperature operation (700-800 °C).
The test conditions applied are summarized in Table 2.2. The conditions of reference
cantilever suspended duble spiral type heater can be found in [42].
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Table 2.2. Filament properties and lifetime test conditions for microheaters.
Device number

No. 1.

No. 2.

No. 3.

Filament material

Pt

Pt

Pt

40

40

Heating power
(mW)

35

40

45

No. 4.
Monocrystalline
Si
28

2.3. Reliability Issues
2.3.1. Importance of Capping Layer
As the hotplates are operated in various gas compositions at atmospheric conditions, the
filament material must be protected regardless of its quality. Direct exposure to air at the
high test-temperatures leads to fast degradation by rapid oxidation. Therefore,
micro-heaters in this study were completely covered with SiO2 diffusion barrier layers
(capping layer).
In order to prove the detrimental effect of filament oxidationthe lifetime of identical
cantilever type micro-heaters were parallel tested. At the perimeter of four hotplates the
SiO2 capping layer was removed, leaving the edge of the outer Pt ring exposed to the
ambient. Devices together with their intact references were driven by 37 mW until
breakdown. The lifetime of the bare devices was 2-3 hours, whereas the references run for
81 hours [42].
SEM investigations revealed that all the failures were located at the perimeter of the
device, where the capping layer was removed and the Pt filament was directly exposed to
air (Fig. 2.4).

Fig. 2.4. (a) SEM images of an incompletely covered Pt filament taken after breakdown.
The capping layer was removed from the edge of the outer ring. Several defect sites can be
identified as indicated. All of them start to growth from the non-covered edge and protrude
inside. (b) Closer view.
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In Fig. 2.4a six deffect sites can be recognised, all at the edge of the non-covered ring of
filament. The exact mechanism of this phenomenon is unknown but the lifetime
measurements clearly show the necessity of protective covering. The appearance of the
defect site looks like a cavity formed underneath the capping layer, similar to defect sites
caused by Pt mass transport at the higher teperature regions of the filament. Note, that in
case of the uncovered Pt filament the process is much faster, although the temperature at
the perimeter is the lowest.
2.3.2. Lifetime and Activation Energies
Resistance-time curves are used to characterize the stability of microheaters, to distinguish
different phenomena and to deduce the activation energies of the different stages of
degradation.
In Fig. 2.5 resistance-time curves of cantilever suspended, double spiral Pt filaments are
illustrated. The “S” shape of the curves is the consequence of the complex degradation
mechanisms, i.e. phase changes in the adhesion layer and the thermo- and
electro-migration mass transports as reported earlier [42]. Furthermore, all the curves have
to be divided into two sections by the inflection points (indicated by black circles in the
figure). These points were identified by the location of minima of the first time-derivate.
The change of resistance in the vicinity of inflection can be explained by two activation
energies (Ea1 and Ea2). These were calculated from the Arrhenius plots in Fig. 2.5b,
constructed from the rate of resistance changes measured at four average surface
temperatures. The activation energies Ea1 and Ea2 are 1.7 eV and 2.1 eV, respectively.
Considering the position of the inflection points in each individual curve we may state
that the time elapsed until the inflection point decreases at higher temperatures but time
elapsed after the inflexion point until the breakdown decreases by smaller amounts. This
observation fits to the expectation based on the magnitude of the activation energies. The
first activation energy region can be associated with the formation and intrusions of
growing TiO2 grains in the Pt filament [42].
In terms of lifetime and device stability this is crucial, because this effect gradually
reduces the lifetime of the filament and manifests itself in a continuous drift of device
parameters. The value of the second activation energy (Ea2 = 2.2 eV) characterizes the
migration of Pt along those sections of the filament, where the directions of the thermo-,
and electromigration coincide [41].
The magnitude of this activation energy corresponds to the measured activation energies
to migration of Pt in the literature [13, 34]. We should note that the logarithm of the speed
of change of resistance caused by the platinum migration (characterized by Ea2) below
10 eV-1 and approaches the resistance change resulted by the TiO2 grain growth. From the
value of 9.5 eV-1 migration phenomena dominate the process. These inverse energies give
the temperatures of 1100 K and 1200 K, respectively. It signals that in the lifetime curve
somewhere within this temperature range a breakpoint should appear as it does indeed
(see in Fig. 2.6a).
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Fig. 2.5. (a) Typical resistance-time curves of double spiral Pt filaments. Each of the black circles
marks the inflection-point at the curves. Black tangents indicate the slope of the curve
in the vicinity of those points. (b) Arrhenius plots for the mechanisms dominating left (full dots)
and right (open circles) from the inflection-point on the resistance vs. time plots. The uncertainty
of the obtained activation energy values (Ea2 and Ea1) is attributed to the errors in the temperature
measurement [42].

Using the activation energies we could separate two main failure phenomena on the
temperature scale. Consequently, the degradation of a microfilament can’t be
characterized by single activation energy, if more than one breakdown mechanisms of
different magnitudes are present. When the temperature range above 600 °C is targeted in
case of TiO2-Pt-TiO2 filaments, the main restrictive factor for the expected lifetime is the
occurrence of phase changes in the TiO2 adhesion layer. Nevertheless, the final killing
mechanism will be the thermo- and finally the electromigration processes [42] as claimed
by most literature references. In order to extend the lifetime of the Pt filament, the phase
changes in the adhesion layer have to be inhibited. By selecting an appropriate adhesion
layer, in which neither phase changes nor grain growth can take place at the targeted
temperature, this problem can be eliminated.
Consequently in order to extend the lifetime at high temperatures, improved filament
geometry and better control of degradation processes are needed. Moreover, moderate
mass transport and consequently superior durability in single crystalline material are
expected over the thin-film multi-crystalline metals or silicon. In the following sections
novel designs of Pt filaments are investigated.
2.3.3. Temperature Distribution and Failures on the Improved Pt Filament
As indicated in Section 2.2.2. Fig. 2.3 alternative filament geometries were fabricated to
improve temperature uniformity, and increase the uniformly hot heated area of the
hotplate. If the catalyst is Pt the required operation temperature of the targeted methane
sensitive pellistor is over 700 °C. In our previous work we demonstrated that in order to
get appropriate signal - i.e. activate the catalyst on a large surface – the spiral-like meander
must be heated such as the temperature in the centre is far over the required value [28].
This leads to extreme fast degradation, thereby a large plateau of the minimum required
temperature must be formed. To achieve this, the filament’s centre was enlarged to reduce
its resistance and central heating, but keeping the temperature high by thermal conduction.
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Another way is to form a ring of higher heat dissipation around the central area. In the test
structures this was provided by a simple narrower ring (No.1 in Fig. 2.6) or a narrower
ring with extended length (No. 2 and No. 3 in Fig. 2.6).
Furthermore, in order to reduce the inherently forming temperature gradient between the
hotplate and the bulk Si, step by step widening of the contact Pt wire were formed (No. 2
and No. 3, Fig. 2.6), while extending their length.

Fig. 2.6. The figure shows the SEM images, the optical images of the glowing hotplates,
the corresponding temperature distribution of the heated area in the detection range of visible
pyrometry, as well as the deduced temperature profile across the heater for the devices No. 1. No.2.
and No. 3 in (a), (b) and (c), respectively. In the SEM images filament segments wherein the defects
were identified are encircled by red line. Blue arrows indicate the direction of the electron flow.
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4-4 samples of each design were tested for lifetime, whereas their temperature distribution
was revealed by visible pyrometry [42].
Temperature distributions achieved show that the relatively uniform surface is enlarged
to radii of c.a. 25, 30 and 50 μm for structures No. 2, No. 3 and No. 1, respectively. In
No. 1 and No. 3 the difference is below 50 °C on this plateau. Compared to the earlier
results given by the simple double spiral around 250-300 °C temperature drop is found at
a radius of 30 μm as demonstrated in [42] or Fig. 2.8d in this chapter.
Although one of the main goals, i.e. the enlarged surface of homogeneous temperature
was achieved, the temperature gradient driven deterioration couldn’t be avoided yet.
In every four cases of device No.1 defect sites were observed at the same arm of the spiral
along the thinnest section of the Pt filament close to the interconnections (Fig. 2.6c, SEM).
However, the temperature at this section of the heated area is out of the range of visible
pyrometry (below 800 K), the mass transport effects with moderated rate result faster
breakdown due to the small cross section of the Pt filament. In design No. 2 and No. 3
most of the defects were formed close to end of the wavy part of the filament in all cases
at given current direction (Fig. 2.6a, b, SEM). This may be the consequence of fast
temperature drop along that part of the filament when the wire exits the uniform
temperature region. The thicker Pt wire represents better heat condutction, thereby
increases the thermal gradients at this section as it is seen in the optical and visible
pyrometry images (Fig. 2.6a, b).
2.3.4. Summary of Lifetime Measurements
Lifetime of Pt filament microheaters of the above filament geometries cantilever hotplate
as a reference, as well as of a full-membrane meander type heater was tested between
800-1200 K. Additionally, a single-crystal silicon filament was also tested using the same
conditions (Fig. 2.7a).
In case of the double meander cantilever type microheater in Fig. 2.7 the lifetime
characteristics prooved the correlation with activation energies of the failure mechanisms
as described in Section 2.3.2. The position of the breakpoint appeared namely between
1100-1200 K. Meander type filament showed the shortest lifetime. This is due to the
cumulative impact of encountered high thermal gradients and high temperature.
The lifetime of devices, where the temperature inhomogeneity is higher prevailing across
the whole heated surface (Fig. 2.7e and No. 2) was longer than that of No.1 and No.3.
This may be the consequence of higher thermal gradients at the perimeter of the central
uniform part of the heated area. Although longer interconnects were applied, the
temperature gradient is still to be reduced. This can be achieved by extending and gradual
widening (increasing the cross secstion) of the Pt wires between the hot centre and the
room temperature contact pads on the bulk. Further reduction in operation temperture
obviously increases the device’s lifetime.
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Silicon single crystal is a promising filament material. However, the cross section of the
filament (8 μm2) exceeds that of Pt, the expected better activation energy of degradation
makes it superior to poly-crystalline Si [13].

Fig. 2.7. (a) Summary of the results of lifetime measurements performed on micro-heaters
with different Pt layouts and suspension designs vs. the average surface temperature.
The corresponding average temperature gradients are represented for each design (b-g.). SEM
images of the filaments. Filament (e) and (f) had been published earlier and the properties
of the filaments detailed in [41] by the authors.

Finally, we may conclude that double spiral cantilever type Pt heaters of the investigated
geometry can operate at 1000 K 1000 hours and below this temperature far longer. The
lifetime of single crystal silicon heater is definitely superior to their Pt counterparts.
2.3.5. Reliability of AAO Thin Film Catalyst
Most of the microhotplates are used in gas sensors. MOX sensors utilize low-medium
temperatures up to typically 300-400 °C with minimum risk of filament or hotplate
degradation. From our measurements with the presented structures a lifetime of minimum
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a few tens of thousands hours is obtained. When thermocatalytic gas sensors are
considered, one must calculate with much higher temperature and the related degradation
issues. Degradation, however, is not limited to the filament but also the reliability of the
deposited catalyst must be taken into account. Catalysts can be deposited on the hotplate
in various forms [43]. One of the most promising methods is the porous catalyst thin film
Pd and/or Pt dispersed in Anodic Aluminium oxide (AAO) [7, 28].
To analyze the deterioration of an AAO-Pt catalyst layer, the top surface of a cantilever
type micro-heater was coated by 700 nm thick porous AAO and the pore structure was
covered with nanocrystals of Atomic Layer Deposition (ALD) deposited Pt. [28, 57].
These sensors were driven by constant power (42.5 mW) for 20 hours. SEM images were
taken from the surface of the catalyst layer after 1 hour of operation (Fig. 2.8 b, c).

Fig. 2.8. (a) View of the AAO-Pt catalyst layer after 1 hour of operation by heating of 42.5 mW.
Pt catalyst has already disappeared in the middle of the microheater and the membrane is seriously
bended. (b) At the perimeter of the heated area the Pt coating is still intact. (c) Lateral migration
of Pt catalyst at the surface of porous AAO support layer is evident. (d) Inhomogeneous
temperature distribution was identified by visible pyrometry [41].

In Figs. 2.8c and 2.8d one can observe that platinum disappeared from the centre of the
heater and started to migrate towards the perimeter of the hotplate. This lateral migration
is driven by the inhomogeneous temperature distribution and the high temperature
gradient present, as revealed by visible pyrometry. After 16 hours of continuous operation
all the Pt was found at the cold perimeter of the hotplate and thereby the device completely
lost its functionality. In addition to Pt migration the effect of the emerging high
thermo-mechanical stress in the AAO layer was detected by the rolling up of the
cantilever-type membrane structure. Note, that AAO formed at room temperature is
amorphous and re-crystallizes during high temperature operation. The upward bending
(convex) in case of all the investigated samples is due to accumulated mechanical tensile
stress, whilst the as prepared cantilevers were flat.
61

Advances in Microelectronics: Reviews, Volume 2

Electron Beam Diffraction (EBD) was performed on a piece of microhotplate, cut out
from its centre by FIB preparation (Fig. 2.10a). EBD patterns proved that the amorphous
AAO layer transformed to α-Al2O3 phase after a dehydroxylation process at 1000 K
(Fig. 2.10b), [45, 44]. Ko investigated the mechanical stress in heat treated AAO films
and reported a tensile stress of 2-14 GPa after heat treatment, depending on the porosity
of the film [46]. Porosity of our AAO film calculated with the equation by Masuda is
0.7 [47]. Following the experimental curve given by Ko the estimated stress in our film
can reach a few hundred MPa. Note that, total thickness of our membrane (without AAO)
is approximately 700 nm, so the estimated stress in the porous layer is high enough to
cause such an enormous distortion. Consequently, the multilayer membrane structure
must be tailored such, as to consider the phase transition of the AAO layer as well.
Furthermore, if the thermo-migration of Pt catalyst is present, and it plays detrimental
role, one has to consider not only the lateral effect but the migration in perpendicular
direction as well. Thereby, migration may take place inside the pores directed definitely
from the hot filament towards the colder surface. This phenomenon is the consequence of
the normal temperature gradient, induced by the heat dissipation of the micro-heater.
XTEM images of the as prepared AAO-Pt catalyst show the continuous Pt coating in inner
surface of the pores (Fig. 2.9). XTEM images taken from a sample after 20 hours of
operation at approx. 1300 K, however, reflect that Pt completely disappeared from the
pores (Fig. 2.10a).
Pt particles tend to migrate due to the thermal agitation at elevated temperatures
accompanied by high temperature gradients in the pores and on the surface of catalyst
support. The undesirable motion of particles led to their agglomeration at the cold
perimeter which is one form of device combustion-type gas sensor degradation.

Fig. 2.9. (a) Cross section of an as-prepared microhotplate integrated with AAO-Pt catalyst
formed by ALD. (b) Higher magnification shows that the pores are completely covered with Pt.
(c) The schematics depicts the thickness of 16 nm Pt catalyst film in a pore.

According to literature micro-pellistors dissipate approximately 70-95 % of Joule heat to
the ambient from the surfaces of the heated area [8, 29, 30]. In our case this value is 95 %
i.e. to estimate the magnitude of normal temperature gradient we have to consider that
cantilever type micropellistors dissipate this part of the heating power by conduction to
the ambient through the top and bottom surfaces of the heated area [41]. The total thermal
resistance of the porous AAO layer (top) using the thermal conductivity of
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AAO [58] and the SiO2-Si3N4 multilayer [37] (bottom) amounts to 74 K/W and
0.3 K/W, respectively. Because of the net thermal resistance of the microheater
(30000 K/W) exceeds the thermal conductivity of the layers, we assume that
approximately half of the input power is dissipated by each surface.

Fig. 2.10. (a) XTEM image of the sample prepared from the mid of a micropellistor operated
at 42.5 mW for 20 h. (b) Electron diffraction pattern of the AAO sample. According to the EBD
pattern of the re-crystalized AAO support layer is crystalline α-Al2O3. (c) Temperature distribution
through the AAO layer for the estimation of temperature gradient normal to the AAO layer surface.

Driving the device by 42.5 mW means a temperature at the center of the hotplate of
1300 K [41]. In this sense, the temperature drop and thermal gradient across the AAO
layer amount to 1.6 K and 2.2 K/μm, respectively (Fig. 2.10c).
Temperature gradients of similar magnitudes were found in the filaments also, but the
migration proceeds faster in the AAO support layer. This may be the consequence of the
poor adhesion between Pt grains and AAO support. Furthermore, the phase transformation
mechanism of the AAO layer may also decrease the adhesion [44, 45]. These phase
changes were concluded from the EBD patterns proving that the as-prepared amorphous
porous AAO layer transformed to α-Al2O3 during the test (Fig. 2.10b).

2.4. Summary and Conclusions
The lifetime of microhotplates becomes crucial with required operation temperature in
excess of 500 - 550 °C. As the most common application at this temperature is the
thermocatalytic detection of methane, we investigated the deterioration mechanisms of Pt
filament and Pt catalyst activated micropellistror structures.
Tree basic phenomena were identified in course of the continuing deterioration leading to
the final rupture of the filament. Next to the previously reported phase transitions and
electro-migration effects the crucial role of the temperature gradient induced
thermo-migration along the filament was revealed. The non-uniform temperature
distribution also generates the migration of the Pt catalyst towards the coldest area and
finally leads to the complete loss of catalytic activity.
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From these results we conclude that the hotplate of a high temperature operated
micro-pellistor must have the following features (apart of the known thermomechanical
constraints):
 Large surface with uniform temperature;
 Temperature gradients of less than 0.5 K/μm in the area, where the temperature is
>500 °C; (This is definitely true for multi-crystalline Pt and other metal filaments. The
corresponding value for a crystalline Si meander is still to be investigated);
 A temperature barrier around the catalyst coated area, i.e. a higher temperature ring
framing the uniform temperature active area to prevent catalyst migration towards the
perimeter.
In summary the selection of filament material and layout of the filament/hotplate play
essential role in stability. Nevertheless, we have to emphasize that the most
straightforward way to prolongation of lifetime is to find appropriate catalyst effective
even at reduced temperatures.
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Scanning Microwave Impedance Microscopy
in Electronic and Semiconducting Materials
Kurt Rubin and Yongliang Yang1

3.1. Introduction
The continued drive towards higher performance and more energy efficient electronics
has driven the requirement for new materials into what was previously well characterized
and mature processes [1]. Cutting-edge device fabrication requires integrating a wider set
of materials, which have been less well studied, at smaller geometries [2]. Integration of
new materials at lower levels of the device structure along with the need for quantification
of dielectric and dopants in semiconductor devices with sub-micron spatial resolution
pushes the practical boundaries of typical atomic force microscopy (AFM) electrical
modes. Ideally, characterization tools should be flexible to accommodate the introduction
of a range of new materials. Characterizing dielectric and semiconducting materials is an
important part of the device fabrication process but doing so for a wide range of materials
and at the size scale at which devices are fabricated can be a challenge.
Scanning Microwave Impedance Microscopy (sMIM) is an electrical property
measurement technique compatible with Scanning Probe Microscopes (SPM) that detects
small variations in permittivity and doping of insulating and semiconducting materials at
nanoscale dimensions [3]. sMIM is very sensitive to small changes in local admittance of
both linear and non-linear materials such as insulators and doped semiconductors,
respectively [4]. Importantly, sMIM has monotonic response to permittivity and doping
concentration of a wide range of materials and a linear response to log k (dielectric
constant) and log N (doping concentration) over a range of concentrations [5-10]. This
makes it possible to quantitatively relate changes in fabrication process relates to electrical
device properties.
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In this chapter we present the general working principal of sMIM as well as modeling of
the sMIM response from dielectric and semiconductor materials to illustrate some
practical applications for investigating electronic materials.

3.2. Dielectric Materials for Semiconductors
sMIM response is sensitive to local permittivity and conductivity. For highly insulating
films it is possible to measure variations in dielectric film thickness as well as determine
unknown dielectric constants. It can provide film characteristics at the scale required to
understand specific device localized issues, both from blanket wafer films as well as local
dielectrics at the device level since it is a high-resolution SPM mode.
In the case of dielectric materials, the sMIM response depends on the capacitance between
the tip and sample. In previous experiments with thick insulating dielectrics it was shown
that the sMIM response depends on dielectric permittivity and also that the response has
a log-linear dependence on the dielectric constant. The log-linear response results from
the details of the AFM probe shape which locally modifies the capacitive response of the
tip-sample from the 1/electrode-spacing response associated with a planar capacitor. Here
we used various thickness SiO2 on silicon substrates as a model system for both modeling
and experiment since it is relevant to microelectronic devices.
Modelling provides a framework to investigate how sensitive sMIM is to the electrical
characteristics necessary to determine the dielectric constant of the thin film. COMSOL
FEM software with the AC/DC module was used to simulate the experiments at 3 GHz
excitation frequency. The model used 2D axisymmetric symmetry for the sMIM probe
and materials. The simulations incorporated infinite element boundary conditions. The
experimental probes were shielded so that combining that with subtraction of contact and
lifted signals allowed the modeling to not require inclusion of cantilever effects. Radiative
effects were not included since the geometries were quite small compared to the
wavelength. The difference in admittance between the probe in contact and lifted 200 nm
above the top of the sample surface was calculated to connect with experiment and capture
the response near the tip, where the fields are highest. An estimate of the sMIM-C signal
is obtained by assuming the signal depends linearly on the admittance. In the FEM model
the relative permittivity of the control SiO2 films was set to 3.9, and the film thickness
was varied to determine the admittance response of the microwave signal for both the real
and imaginary parts.
Fig. 3.1 results show the simulated sMIM response ‘in contact’ 1 nm (a) above the sample
surface and (b) 200 nm above the sample surface respectively for a 1200 nm SiO2 film
thickness. Fig. 3.2 shows the model results for a dielectric film with varying dielectric on
a Si substrate at 1 nm (a) and 200 nm height (b), respectively for a 10 nm SiO2 film
thickness. The model shows that for dielectric films there is a critical thickness for a given
dielectric constant where the doped Si substrate affects the sMIM response and above
which it is dominated by the dielectric film only.
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Fig. 3.1. Electric potential simulated results. (a) Probe tip “in-contact” with the top
of the dielectric surface. (b) Probe tip retracted 200 nm from the top of the dielectric
surface for a 1200 nm thick SiO2 film.

Fig. 3.2. Electric potential simulated results. (a) Probe tip “in-contact” with the top of the
dielectric surface; (b) Probe tip retracted 200 nm from the top of the dielectric
surface for a 10 nm SiO2 film.

3.2.1. Examples of Dielectric Measurements on Film Samples
The sMIM-response is sensitive to factors that include dielectric film thickness, relative
permittivity and substrate electrical properties. Fig. 3.3 shows the experimental sMIM
signal response for a group of SiO2 films ranging in thickness from 10 nm to 1200 nm.
The data was plotted after subtracting the reference signal with the probe tip 200 nm above
the film surface from the signal with the probe tip in contact with the sample surface. The
solid line is a log-fit of the data.
Fig. 3.4 shows the control case of SiO2 film on a Si substrate simulated by FEM with
measured results. The sMIM response was normalized by a single proportionality constant
to connect with the calculated admittance. The sMIM response depends mainly on the
dielectric film properties when the film is thick. The substrate properties become
important when the dielectric layer is thin. The Si substrate doping was not known at the
time of writing this chapter, so the substrate conductivity was adjusted to be 10 S/m,
corresponding to 1.3×1015 atoms/cm3 p-doped, to obtain a reasonable fit of the model to
the experimental results and illustrate how a model incorporating substrate, film thickness,
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and relative permittivity can account for the measured results. Subsequent 4-point probe
measurements on the Si substrate confirmed the substrate conductivity within an order of
magnitude of the calculated value.

Fig. 3.3. Experimental sMIM signal versus SiO2 film thickness.

Fig. 3.4. Admittance versus SiO2 dielectric thickness. The modelled admittance is the dashed curve
with circle symbols. The admittance inferred from the measured sMIM-C signal is the solid curve
with diamond symbols.

Fig. 3.5 shows simulations of the admittance for thinner and lower relative dielectric
permittivity. The response forms a family of somewhat parallel curves. This means that
the same sMIM response can be obtained with different combinations of dielectric
thickness and relative permittivity. This opens up the possibility to establish a
methodology to determine the relative dielectric permittivity of unknown samples by
calibrating against the response from known films. In the simplest case, if the substrate
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properties and film thicknesses are identical the unknown relative dielectric constant will
scale directly with the calibration reference value.
The model makes clear that the sMIM response to the film system is affected by the
dielectric film thickness and permittivity as well as the substrate conductivity. The method
then is limited by how accurately the thickness is measured or conversely, a thickness is
limited by how accurately the dielectric value is known. Measurements on a SiO2
reference sample validate that sMIM has good repeatability and reproducibility on a range
of thicknesses, thus providing confidence that variations on an unknown dielectric film
has the sensitivity to show very small variations in film thickness or process variations of
the dielectric value on the order of 10’s nm’s (the probe tip contact area).

Fig. 3.5. Modelled admittance for low-k dielectrics versus dielectric thickness. The modest slope
change between 10 and 100 nm is thought to be a geometrical effect arising
from the finite tip size.

3.3. Doped Materials for Semiconductors
sMIM-C can also be used to extract qualitative and quantitative information about the
dopant levels in a semiconductor sample [9, 10]. The sMIM-R and sMIM-C signals
correspond to the real (resistivity/lossy) and imaginary (capacitive) parts of the tip sample
admittance (inverse of impedance, i.e. 1/Ztip-sample). The capacitance of the junction
between a conductive tip and a semiconductor sample can be modelled as a point contact
MOS capacitor and it decreases as the carrier concentration decreases. As a consequence,
the sMIM-C is monotonically proportional to log (doping concentration) over a large
doping concentration range and hence can be used as a method for nanoscale profiling of
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dopants in a semiconductor sample, with appropriate calibration. In this section we present
FEM modeling of sMIM with non-linear materials and show the modified C-V response
with doping then apply the methodology using a commercially available calibration
sample with both n-type and p-type doping from 1015 atoms/cm3 to 1020 atoms/cm3. The
calibration method is then applied to a test device and estimated doping concentration is
shown in units of log doping.
3.3.1. Modeling of sMIM Response to Non-linear Materials
For sMIM measurements of non-linear materials such as doped semiconductors, the
tip-sample bias influences the tip-sample impedance, or the reciprocal of the tip-sample
impedance which is the tip-sample admittance, YT-S. As with linear samples the sMIM
signals are still proportional to the imaginary and real parts of YT-S, the capacitance and
conductance below the tip-sample interface. But the capacitance and conductance now
depend not only on the local permittivity and conductivity of the sample under the tip, but
also on the geometry of the depletion layer. The depletion-layer geometry in turn depends
on the tip-sample bias voltage and on the doping level of the semiconductor. Analytical
solutions exist for simplified one dimensional geometries and these can be used to model
the results from macroscopic parallel-plate metal-oxide-semiconductor structures. A
lumped-element approximation is used for a sMIM tip on an oxide-coated semiconductor
and expressions from a delta depletion model for the depletion-layer thickness [11]. The
depletion layer thickness d as a function of applied voltage is given by:
𝑑 𝑉

𝜙 𝑉

∗ 2Κ 𝜖 /𝑞𝑁,

(3.1)

where N is the dopant concentration, 𝑥 is the oxide thickness between the gate electrode
is the surface potential, which is related to Vgate as:
and the semiconductor, and S 𝑉
𝑉

𝜙

𝜙 ∗ 2𝑞𝑁/Κ 𝜖

(3.2)

The capacitance depends upon the depletion layer thickness, d, which will vary with the
. The C-V curve is also dependent on the oxide thickness and doping
applied voltage 𝑉
concentration N.
Since depletion-layer geometry has a strong impact on sMIM signals and the
depletion-layer geometry varies with tip-sample voltage and doping, varying the
tip-sample voltage is a way to characterize semiconductor materials and devices,
particularly the local doping level under the tip (or electrode in the case of patterned
samples with electrodes present). This is similar to capacitance versus voltage curves from
macroscopic samples commonly used to characterize semiconductor materials and test
structures. Fig. 3.6 shows this simplified classic parallel plate model for describing a
metal-oxide-semiconductor (MOS) device in which the oxide and depletion layer
capacitance adds in series.
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Fig. 3.6. a) Schematic of the classical MOS device configuration with the sMIM probe contacting
a sample surface modeled as two series capacitors. The equations describe the relationship
of the capacitance (and therefore, the sMIM signal) measurement to the depletion-layer thickness
and doping concentration; b) numerically generated capacitance-voltage curves
from the parallel-plate model illustrate sMIM sensitivity to semiconductor doping level.

The capacitance which is observed in sMIM experiments which use a shielded probe as
the electrode is different from what a 1-dimensional simple parallel plate depletion model
would predict. Similar to what was observed in the measurements of linear dielectrics,
where the sMIM signal is proportional to log(), experimental data from doped
semiconductors also show sMIM signals varying linearly with log([doping
concentration]). To examine the origins of the log ([doping concentration]) behavior,
finite-element modeling was used to simulate the response from a conical tip and how this
response varies for both doping and applied gate (i.e. tip) voltage. Fig. 3.7(a) shows results
for one doping level [10].
Finite element modeling allows calculation of the tip-sample capacitance for each doping
level and gate voltage, resulting in C-V curves while incorporating the conical geometry
of the sMIM probe on an oxide coated semiconductor (Fig. 3.7(e)). Fig. 3.7(f) reveals that
the measured sMIM response is linear in log doping over several orders of magnitude and
correlates well with the FEM modeling. This good correlation of sMIM response with log
(doping concentration) is of practical importance since it suggests the possibility of
calibrating sMIM response to invert for doping density.
3.3.2. sMIM Measurement of a Doping Calibration Sample
There is commercial interest for quantifying doping concentration in semiconductor
devices including CMOS, power devices, image sensors, and energy applications, such as
thin film solar cell characterization and battery technology where power devices are used
extensively. This section demonstrates the log-linear dependence of sMIM to the doping
concentration of a doped semiconductor and then applies this as an example method for
calibrating the sMIM response to units of doping.
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Fig. 3.7. (a)-(d) FEM simulations of the majority carrier hole density in the presence of marked
biases on an sMIM probe for the marked p-type doping densities in silicon. (e) FEM simulations
of C-V curves with the doping specified by the legend (f) Probe tip to sample capacitance for doped
samples as a function of doping density [10].

A doping calibration sample, commercially available from Infineon [12], was measured
using AFM in contact mode and a 2-pass (lift-mode) scan. The 1st image was taken in
contact to the surface and the 2nd image scanned 100’s of nm’s above the surface using
the same path as the in-contact 1st pass. The 2nd pass is used as a background reference for
the sMIM at a constant height above the surface and used to removed drift, any stray
capacitance, and set a relative reference for the calibration sample. The images in Fig. 3.8
show the calibration sample using the sMIM-C channel input to a lock-in dC/dV
Amplitude (a) and dC/dV Phase (b). The Phase profile (c) shows the p-type substrate and
region of stripes compared to the n-type stripes. The dC/dV images have a non-monotonic
response to the doping, this is evident in the Amplitude image Fig. 3.8(d) where there are
two maxima corresponding to the dC/dV response with doping concentration; the
Amplitude profile shows for both the n-type and p-type sections of the sample the
sMIM-C amplitude response peaks at the middle doping ranges 1017 atoms/cm3 for 0 V
DC bias.
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Fig. 3.8. sMIM dC/dV Amplitude (a) and dC/dV Phase (b) images, with corresponding averaged
profiles (c) and (d) respectively.

Fig. 3.9 shows the sMIM-C image (a) and average profile of the sMIM-C (b) of the
calibration sample after background subtraction of the reference surface. The sMIM-C
image shows the contrast representing the doped stripes. The average sMIM-C profile
Fig. 3.9(c) shows the steps representing the different doping levels. The center of the
figure is where the both the n-type and p-type doping have the highest doping levels, and
both progressively have lower doping towards the edges. In Fig. 3.9(b) the profile
identifies each of the doped step regions for the n-type (red) and p-type (blue), as well as
where the P-doped substrate transitions. Fig. 3.10 presents is a plot of the relative
sMIM-C values in mV from the profile in Fig. 3.9(b) versus the SIMS measured doping
concentrations provided by the data sheet of the calibration sample. The data was acquired
with 0 V DC settings and no applied drive amplitude. The n-type and p-type data are
plotted separately, blue curve and red curve respectively. The two curves do not quite
overlap along their lengths, which is expected. 0 V DC neither the n-type or p-type carriers
are at the maximum sMIM response condition where the calibration would have
the best overlap.
Fig. 3.10 shows the calibration of sMIM-signal versus doping concentration after
scanning the shielded probe on the Infineon sample. By a separate measurement of dC/dV
using the same probe, it is possible to distinguish the n- from the p-regions. This allows
one to separately analyze the doping concentration of the n- and p- regions since there can
be subtle carrier-dependent differences in the electrical response. At each doping
concentration, the background from the probe above the surface is subtracted from the
in-contact sMIM signal. A fairly good log-linear relationship of the sMIM signal versus
SIMMS doping concentration is observed between approximately 1016 and
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1020 atoms/cm3. Below and above those concentrations there is still a dependence of signal
versus concentration, but the sensitivity rolls off. Having established this dependence
allows one to then scan other devices on the wafer and infer the doping concentration.

Fig. 3.9. SPM 60 x15 m scan area (a) sMIM-C image after subtraction of reference sMIM
image (b) average profile of the sMIM-C profile showing doped steps of the Infineon calibration
sample identifying the step locations and carrier type.

Fig. 3.10. sMIM-C response after subtraction of the reference 2nd pass scans versus the SIMSderived concentrations for the 10 n-type (blue curve) and 10 p-type (red curve) doping regions.
The log-linear response is shown as the solid lines.

3.3.3. Using C-V Curves for Calibration
An alternative method for applying a calibration with sMIM for doping concentration is
measuring the C-V response and calculating the sMIM-C value in full depletion. The
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sMIM-C data is collected using a dual pass scan for quantification applications. The
sample is scanned using contact-mode where the first pass follows the surface topography
and a second pass is made with the probe tip above the sample surface following the same
topography forming a constant offset-height image. The difference of these two images is
used for subsequent analysis for quantification since it reduces spurious effects from stray
capacitance and drift. As a result, sMIM measurements can provide valuable nano-scale
information about semiconductor devices, processes and defects.
Fig. 3.11 shows the calibration curves for the Infineon dopant calibration sample. The
calibration curves were calculated by sweeping the reference sample from -5 V to 5 V and
analyzing the C-V response to determine the best DC bias at which to select the sMIM-C
values and then plotting these versus the known doping concentration of the reference
sample. Fig. 3.11 shows the calibration curve for both p-type and n-type carriers. There is
reasonable linear fit for both p and n type carriers over a wide range of log doping
concentration. Some slight roll-off in sMIM sensitivity is seen at the lower concentration
doping levels. At the higher doping concentrations, above 19.5 log units, there is a sharp
roll-off in the sMIM signal that is an artifact due to cross-talk from the adjacent region.
The numerical calibration derived from linear fits and the correlation coefficients (CC)
shown in Fig. 3.11 are:
sMIMp = 0.175 * log10(NA) – 2.24, CC = 0.991,

(3.3)

sMIMn = 0.169 * log10(ND) – 2.1, CC = 0.997.

(3.4)

The fits neglect the points for the highest doping concentrations, of both n and p types,
because they are next to each other in the center of the collection of doped stripes and
corrupt the measurements of each other. The points for the two lowest doping levels are
believed to be affected by noise.

Fig. 3.11. Measured sMIM response versus doping concentration for both the p-type and n-type
carriers determined from the Infineon reference sample. The points at very high doping
concentrations are not used for the calibration curve due to an artifact of the sample where the two
regions interfere with each other affecting the sMIM measurement. The two lowest doping levels
have reduced sMIM sensitivity and deviate from the Log(NA) relationship.
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3.3.4. Quantitative Analysis of a Semiconductor Device
Results of dopant-level characterization are presented here with device size features. A
comparison of quantitative doping results of an “unknown” device sample with
measurements acquired using SRP and Scanning Microwave Impedance Microscopy,
sMIM. The “unknown” device under test, DUT, was measured to investigate the
application of sMIM for quantitative doping calculations on varying device structures on
the same DUT and the impact of sample conditions on the quantification measurements.
The SRP measurements were made on a sample of the same structure in the same regions
but not on the exact sample measured using sMIM.
The sample was processed and spreading resistance profiling (SRP) measurements were
made by On Semiconductor. The sample was prepared as a cross-section and then
polished to expose a series of doped features having regions of n type and p type carriers.
The device structure had a range of doping levels with common regions as well as a feature
where the doping concentration was the same, but the sign of the doping was opposite.
sMIM was used to verify that the expected doping levels compared reasonably to SRP.
There was a time gap of weeks between the sample prep and the sMIM measurements.
Table 3.1 summarizes the SRP doping concentration as well as the concentration obtained
from the fit of sMIM-C versus concentration. The SRP baseline sets a range from
<1014 atoms/cm3 to 4×1018 atoms/cm3 but does not provide carrier polarity information.
The calculated sMIM-C doping values have a high correlation of 99.5 % with the SRP
values when not including the lowest doping concentration region A3. The doping value
for A3 is below the detection limit of the analytical methods used and the calibration for
this level of doping has not been developed. sMIM can qualitatively image at this low a
doping level, but we expect the sensitivity to diminish with the lower conductivity of the
doping levels, requiring a modification to the log linear response at very low
doping levels.
Table 3.1. Comparison of doping concentration from SRP and fit of sMIM-C versus SRP.
Region 1
sMIM-C
SRP Value
Value
18
4×10
1.84×1018

A1

Carrier
type
p

A2

p

<1×1014

1.42×1014

A3

n

1×1018

1.77×1018

A4

p

1×1017

1.65×1017

A5

p

2×1018

1.81×1018

Location

Fig. 3.12 shows the sMIM-C images of the same region acquired at different DC bias
levels using a non-resonant imaging mode to capture the C-V curves at each image point
or a subset of those points. The “slices” show subtle changes of the device structure over
80

Chapter 3. Scanning Microwave Impedance Microscopy in Electronic and Semiconducting Materials

the DC sweep range -1.5 V – 1.5 V. The doping levels measured using SRP are labeled
and color coded to highlight them in the sMIM-C images. The region around the blue dot,
a highly doped p-well, shows the size of the well changes with DC bias, increasing in size
with positive doping. The low doped region, the green dot, does not show very much
change though the DC sweep. The green dot region is known to be doped below 1014/cm3
at such low doping we do not expect change due to the applied bias sweep. The location
of the black dot shows a bright band appearing at positive bias which is at a p-n junction.
The brighter contrast correlates with higher capacitance and doping. The positive bias
results in a localized increase in capacitance at max depletion. The aqua dot location is
n-type and shows increased contrast with increase in negative bias, consistent with classic
C-V response for the carrier type. The p-doped substrate, the purple dot location, shows
increased capacitance with increased positive bias. This region behaves similarly to the
black dot location with similar doping.
Fig. 3.13(c) shows the same region imaged using an applied AC bias to acquire the dC/dV
phase image showing the polarities for each region of different doping. Fig. 3.12(d) shows
a line profile of the dC/dV phase image, this profile shows that the phase output channel
has a low noise signal compared to what would be expected for very low doped regions,
below 1015/cm3. We attribute this signal quality to the relatively high signal-to-noise ratio
of sMIM-C provided to the lock-in to generate the in-phase and out-of phase signals.

Fig. 3.12. Slices of a test device imaged at different DC biases, as extracted with the non-resonant
imaging method from a -1.5 V to +1.5 V bias voltage sweep at each imaged pixel location.
The colored dots and lines in the figure correspond to the locations associated with the SRP
measurements. The nominal SRP values are also shown in the same colors for consistency.

Fig. 3.13 shows the test device sample measured using the dual pass method with the
sMIM-C channel input to the SPM lock-in. The three SPM channel images are (a)
sMIM-C, (b) dC/dV Amplitude image, and (c) dC/dV Phase signal. The sMIM-C image
in Fig. 3.12(a) shows contrast across all the features including the highly doped
polysilicon gate at the left edge of the image. The dC/dV Amplitude, Fig. 3.12(b) shows
layered variations in the doping concentration with fine structure that can be used to define
regions of interest more clearly than in the sMIM-C image alone. The dC/dV phase image
Fig. 3.12(c) clearly shows the p-substrate region in purple, and the n-type region in yellow.
The “pinkish region approximately in the middle of the image is a sign of poorer lock-in
response. The sections showing noise like pixilation are undefined, which is consistent
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with the very low doped material that generates little to no ac signal to the lock-in. This
set of images is similar to typical scanning capacitance microscopy (SCM) data sets.

Fig. 3.13. (a) sMIM-C image, (b) dC/dV Amplitude image, (c) dC/dV Phase image
and (d) Average line profile of dC/dV Phase image showing the locations of the n-type
and p-type regions of measured region. (Sample prepared by ON Semiconductor).

The same sample, DUT, was measured using a non-resonant imaging mode with a dwell
time in contact when a DC sweep was applied at each location. Fig. 3.14(a) shows C-V
curves from the same region as imaged in Fig. 3.12 above. Fig. 3.13(b) is the same section
of the DUT imaged using the non-resonant mode described earlier. The regions of interest
A1 through A5 corresponding with SRP reference measurements and are labeled and color
coded respectively. Position A1, a highly doped p-well, shows a positive C-V slope
correlating with the dC/dV acquired data. Position A2, in green, is very low doped, below
1014/cm3. The slope shows a slightly positive response corresponding to the dC/dV Phase
data in Fig. 3.13 but shows an upturn at the negative bias below -0.8 V that would suggest
it is near a junction and pulls negative carriers at the larger negative bias.
A3 has a negative slope to the C-V response corresponding to the expected n-type region.
A4 displays both positive and negative slope through the C-V sweep characteristic of a
p-n junction. This approach can be used to find the location of largest amplitude near 0 V
to identify the p-n junction. A5, the substrate region, has a positive sloped C-V curve
corresponding to the p-type region.
Fig. 3.15(a) is a plot of the sMIM-C values (after dual pass subtraction) vs SRP reference
doping concentration in log scale. The higher doped regions, align very well with the solid
trend line in log scale; the dotted blue line represents the extension of the linear response
with log doping as established in previous work and the red curved trend line is an estimate
of the sMIM-C response at extremely low doping levels, discussed in previous work. The
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green point represents the very low doping level, <1014/cm3, showing sMIM is sensitive
to such low doping levels but also showing that without correction, does not fall on the
expected trend. sMIM-C maintains a monotonic response to doping concentration, but
further work will be required to establish a working offset for these nearly intrinsic silicon
doping levels.

Fig. 3.14. (a) Nano-C-V curves from the sMIM image taken using a non-resonant mode
with 20 ms dwell time and voltage sweep linearly from -1.5 V to +1.5 V DC with the probe
on the sample surface at the positions and color coordination shown in (b). (b) sMIM-C images
as well as the SRP measured doping levels corresponding to the locations measured on the sample.

Fig. 3.15. (a) the sMIM-C average line profile traversing the measured points in Fig. 3.14(b) after
subtracting the background. Plot in (b) is a graph of the calculated sMIM-C values
from the average profile in (a) in units of m V vs SRP values on a log scale. The measured value
of the ultra-low doped region, the green dot, is higher than the predicted value and requires
correction to match predicted response. The dotted red colored sMIM response line is qualitative
in nature and meant to indicate that the sMIM response is known to deviate from log-doping
concentration at <1015/cm3 doping concentrations.

By having apriori known doping regions in one area of a sample, sMIM can be used to
quantitatively estimate the doping concentrations of other regions on the sample where
the concentration is different but not apriori known. The high level of correlation between
the SRP data and sMIM data suggests that SRP can be used as a reference. By applying
C-V measurements to the sample, the carrier polarity can be locally determined in various
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regions. The C-V sweeps also identify p-n junctions with a very deterministic and
repeatable manner.

3.4. Additional Examples
sMIM is a relatively new nanoscale electrical property characterization technique and
continues to evolve and be applied to a growing set of materials, devices and applications.
In addition to being used to characterize dielectric constants and doping concentrations it
is also being used to understand 2D material systems such as dichalcogenides: MoS2 [13],
WSe2 [14], Phosphorene [15] and graphene [16] for electronic applications. Ferroelectric
materials are also a material class that is gaining interest for use in next generation
microelectronics and memory systems [17, 18]. Fig. 3.16 shows an example of
spontaneously induced domains written using an sMIM probe with an applied bias and
then being imaged simultaneously with piezo-force microscopy and sMIM [19].

Fig. 3.16. sMIM reveals that spontaneous and recorded domain walls in thin films of lead zirconate
and bismuth ferrite exhibit large conductance at microwave frequencies despite being insulating
at d.c. Same tip was used for both writing the domains and measuring the electrical properties
of domains and domain walls.

Fig. 3.17 shows a case utilizing the ability of sMIM to image subsurface features that are
isolated towards development of quantum computing devices [20]. STM lithography was
used to write 10 nm features onto a flash cleaned silicon substrate then the sample was
encapsulated with polysilicon. Individual structures are isolated from each other. sMIM
is a method that can image and resolve the features and enable researchers to connect the
subsystems to construct working devices.
sMIM has also been integrated into extreme environments such as cryogenic systems with
high magnetic field [21-25]. There are now turnkey commercial systems where
researchers can purchase a system and image below 2 K and up to 12 T. Fig. 3.18 shows
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an experiment measuring the quantum Hall edge conduction in a graphene film at
cryogenic temperatures and high magnetic field [23]. The device structure is fabricated as
a FET that can be excited using the backgate electrode or using the sMIM probe.

Fig. 3.17. (a) Cross-sectional view of the donor structure and imaging sMIM tip, (b) top-down
sMIM capacitive image of a buried phosphine device showing the fan out to microscale bond pads
and (c) zoom on the nanoscale donor wire in (b) in the dashed square. The STM patterned structure
is overlaid on (c) in white. The white arrow indicates the smallest gap in the structure [20].

Fig. 3.18. (a) cross-sectional view of the donor structure and imaging sMIM tip, (b) top-down
sMIM capacitive image of a buried phosphine device showing the fan out to microscale bond pads
and (c) zoom on the nanoscale donor wire in (b) in the dashed square. The STM patterned structure
is overlaid on (c) in white. The white arrow indicates the smallest gap in the structure [23].

As continued interest on extreme environments for investigating fundamental physics on
systems where traditional transport methods are not applicable, sMIM has been shown to
be a valuable method for further investigation of these materials systems.
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3.5. Conclusion
Scanning microwave impedance microscopy is a non-destructive technique to image,
measure and characterize electrical properties spatially resolved at the nanoscale as well
as at large feature sizes. By leveraging near-field imaging it achieves nanometer-scale
lateral resolutions that are orders of magnitude smaller than the operating wavelength and
with high sensitivity. It is being used in a broad and expanding range of commercial and
scientific applications. Being a probe-based technique, it is well matched to investigate
failures of semiconductor devices. There is growing use of sMIM to characterize 3D, 2D
and 1D materials and devices at room and cryogenic temperatures. It can measure
structures that are of interest to both classical and quantum devices. It can characterize
surface, buried and bulk structures.
In this article we have illustrated how sMIM can be used to learn about dielectric and
semiconductor properties. Combining measurements with simulations, we have illustrated
how one can characterize dielectric constant and dielectric thickness variations. The
technique is viable for a wide range of dielectric properties including conventional oxides
and nitrides and low-k and high-k material; as well as exploratory materials. We have also
illustrated a way to characterize doping structures and concentrations over many orders of
magnitude of doping concentration together with determining polarity in semiconductor
materials and devices. The sample in this example was silicon, but the technique is
applicable to wide band-gap materials, such as those of interest to energy and lighting
applications. Leveraging the small geometry of the probe, the technique is applicable to
both bulk materials and device geometries.
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Sodium-doped Germanium Crystals
as a Material for Infrared Optics
and Detector Technique
G. S. Pekar, A. F. Singaevsky and M. M. Lokshyn1

4.1. Introduction
The doping of semiconductor materials with properly chosen impurities is known to be
the most powerful tool to provide these materials with the desired physical properties. An
obvious example of this is germanium, in particular, its use as a material that is transparent
to infrared radiation (the so-called optical germanium) and also as a material for creating
detectors of ionizing radiation. The types of impurities that should be introduced into
germanium for its successful use for these applications have been established many years
ago and these impurities are currently widely used. However, in recent years we have
managed to dope uniformly bulk germanium crystals with an unconventional impurity,
namely sodium. This chapter includes information concerning the properties of Na-doped
germanium in the form of bulk single crystals and large coarse-grain plates, its successful
application in IR technique and further potentials and prospects.

4.2. Creation and Properties of Na-doped Germanium Crystals
4.2.1. Background
Prior to works summarized in this chapter, none information concerning the bulk Ge
crystals uniformly doped with Na can be found in literature and many parameters of this
impurity, such as the diffusion parameters, solubility, electrical activity of Na in
germanium crystals remained authentically unknown. Moreover, one could even find
statements that a mutual solubility of Ge and alkaline metals in solid state is absent [1].
As to possible donor behavior of alkali metal impurities in germanium, it was predicted

G. S. Pekar
V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine,
Kiev, Ukraine

89

Advances in Microelectronics: Reviews, Volume 2

[2] that those impurities (except lithium) have no energy levels close to the edges of
c- and v- bands. The undoping effect of diffused sodium in Ge has been experimentally
confirmed in some works [3, 4].
The latter study of Na incorporation into Ge wafers showed that, under heating conditions,
radioactive sodium 24Na diffuses into surface layer of p-Ge and n-Ge wafers but no n-type
regions resulted from Na diffusion, were detected in Ge by thermoelectric type of testing
[5]. It was attributed to formation of neutral pairs of interstitial sodium ions Nai+ with
oppositely charged vacancies V¯ or acceptor impurities A¯.
However, the proof of donor properties of sodium implanted in p-Ge, was obtained
recently by means of thermoelectric measurements, although only some tenths of percent
of the incorporated Na ions exhibited donor behavior [6]. A similar quantitative effect had
been previously observed in Si where the active donor density in Na diffused region was
three orders of magnitude lower than the total density of this impurity [7].
At the same time, doping of germanium with sodium remained an attractive task primarily
since sodium could become an alternative to unstable lithium in detectors of ionizing
radiation, and, in addition, it seemed promising to investigate the properties of optical
germanium doped with this supposed interstitial donor impurity.
4.2.2. Growth of Ge:Na Crystals Intended for Optical Applications
Due to the facts that bulk germanium crystals may have a high optical transparency in the
infrared (IR) region, are characterized by the highest refractive index of any of the infrared
transmitting materials, low dispersion properties across a wide range of temperatures, high
surface hardness, robust mechanical strength, good thermal conductivity, absence of
hygroscopicity and toxicity, crystalline germanium is gaining a key position among the
materials employed for fabrication of passive optical elements, such as windows, lenses
and protecting screens, used for the 1.8-18 µm region at 300 K and 1.5-18 µm at 50 K.
To provide a high transparency of Ge crystals, doping with donor-type impurities at
definite range of their concentrations has to be used. Such a doping has to ensure n-type
conductivity of germanium which makes it possible to avoid direct transitions of carriers
between the sub-bands of the valence band resulting in high absorption of IR radiation.
However, the doping level must be not too high to avoid increased absorption by free
electrons. It is commonly considered that Ge crystals doped with donors at a density that
provides the crystal resistivity from 5 to 40 Оhmꞏcm (the respective values of free electron
concentrations lies approximately between 4ꞏ1014 and 5ꞏ1013 сm-3 [8]) may serve as an
optical material for IR technique (note that the indicated limits concentration are not
strict). However, the best optical parameters were observed experimentally in somewhat
narrower resistivity ranges, and the borders of those ranges vary in the works of different
authors. According to our experiments, this region lies between 10 and 25 Оhmꞏcm at
room temperature which roughly coincides with some previously published data [9, 10].
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As a donor impurity, the V group elements whose atoms substitute Ge in the crystalline
lattice sites, are mostly used. Among those elements, antimony has been used most
frequently since, basing on some physical considerations and according to many
experimental data (see, for example, [11]) germanium single crystals doped with antimony
(Ge:Sb crystals) have a maximum transmittance which corresponds to the absorption
coefficient of 0.02 cm-1 for single crystals and 0.035 cm-1 for polycrystalline germanium
at the wavelength 10.6 µm at 300 K [9]).
The technology for growing Ge:Sb crystals had been rather good developed long ago [12].
Over more than four decades, Ge:Sb crystals met all main technical requirements of the
IR technique, especially for manufacturing discrete optical elements for IR systems, such
as lenses, windows, etc. However, creation of multicomponent optical elements or
systems (for example, multiple-lens objectives) and especially of modern
thermal-imaging systems puts forward additional strict requirements to optical parameters
of Ge, and it presents often some difficulties to satisfy them by using commercially
available Ge:Sb crystals. The enquiry is that for higher visibility (i.e., for decreasing
signal-to-noise ratio or increasing resolution) as well as for higher brightness of the image,
Ge optical elements have to be characterized by a low dispersion and high regular
transmission of IR radiation that passes through those elements. To provide such
characteristics, Ge crystals should contain the minimum density of inclusions and other
crystal lattice inhomogeneities whose dimensions are comparable with the wavelength of
passing IR radiation. Among those lattice inhomogeneities are the following:
thermoelastic tensions of the lattice, dislocations and dislocation loops decorated with
impurities, and, finally, the clouds of impurities (i.e., the regions with increased density
of free carriers) [13]. Hopefully, the content of the first and second types of
inhomogeneities may be diminished by improving the technological conditions of crystal
growing (for example, by reducing the fluctuations of the melt temperature and of the
instantaneous rates of crystal formation [13]). As to clouds of impurities, it was shown
that such clouds may be formed by some types of impurities, among them Sb atoms when
concentrating at isolated dislocations or at dislocations forming the low-angle boundaries
[14]. The fact that Sb has a rather high solubility in Ge (up to 1.2∙1019 cm-3 at 800 ºС [15]),
should promote existence of such impurity clouds. Formation of Sb clouds may be one of
the principal limitations of this impurity as to reproducible obtaining Ge crystals with low
dispersion and high directional transmission of IR radiation. In addition, substitution of
Ge atoms with Sb atoms in the Ge lattice sites should lead to the local lattice strain since
Ge and Sb covalent radii differ rather essentially (1,22 Å и 1,38 Å, respectively [16] ).
Studies of a large number of optical Ge crystals doped with a substitutional impurity have
shown that dispersion of IR radiation may randomly vary within very wide limits,
beginning from the very rare value 0.6 % and up to 23 % [13].
To avoid all the negative consequences of doping with antimony, which are set out above,
we decided to replace Sb (or other substitutional donor-type impurity) with an impurity
whose introduction into Ge lattice doesn’t result in formation of foregoing
inhomogeneities inherent to Ge:Sb crystals as well as in respective quality losses of optical
germanium. For this purpose we decided to dope Ge crystals by an interstitial impurity
whose atoms can be easily introduced into Ge interstitial space but whose dimensions are
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not too small to promote fast diffusion in the Ge lattice. From this point of view Na, whose
ionic radius equals 0.95 Å [16], seems to be the best candidate. However, we have not
managed to find any information on growing Ge bulk crystals uniformly doped with Na.
Some years ago we have succeeded to develop a technology that makes it possible to grow
Ge crystals uniformly doped with Na in the course of their growing. The distinct feature
of the technology developed is that none volatile Na-containing chemical compounds are
formed during the doping process. It may be supposed that, in particular, just such a
formation put obstacles in Na incorporation into grown Ge crystals.
By means of the technology developed, single crystals and coarse-grain boules of
Na-doped germanium were grown from the melt [17, 18]. Different growth methods were
used, among them Czochralski and Stepanov techniques, the method of immersed
form-builder as well as the modified method of horizontal directional crystallization. The
following types of crystals were grown and studied: (1) cylindrical crystals with a
diameter from 10 to 300 mm; (2) coarse-grain bars up to 160×160×60 mm in size;
(3) coarse-grain plates up to 230×180×20 mm in size with rectangular or rounded edges.
The weight of the largest crystals reached 10 kg.
Fig. 4.1 presents, as examples, the grown Ge:Na crystals of different shape and
dimensions.

Fig. 4.1. Some Ge:Na crystals of different shape and dimensions. Two upper photos show three
cylindrical single crystals with diameters 75 mm (left photo), 12 mm and 45 mm (right photo),
as well as a coarse-grain rectangular ingot 42×47×88 mm in size (right photo). All crystals were
pulled from the melt. The lower photo shows a coarse-grain Ge:Na plate, 310×130×20 mm in size,
grown by horizontal directional crystallization.
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4.2.3. Optical Properties of Ge:Na Crystals
Optical transmission of Ge:Na crystals in comparison with Ge:Sb crystals is given in
Table 4.1. Lines 1 and 2 in Table 4.1 show the values of Ge theoretical maximum
transmission and the minimum transmission of the crystals recommended for practically
use [19]. The lines 3-5 show the experimental values of transmission of Ge:Sb and Ge:Na
single crystals grown by us from the same raw material under the same technological
conditions [20].
Таble 4.1. Optical transmission of different optical germanium crystals.
№
1.
2.
3.

4.

5.

Wavelength,
µm
Theoretical
maximum
transmission
Recommended
minimum
transmission
Transmission
of Ge:Sb single
crystal, %
Transmission
of Ge:Na
single crystal,
%
Relative
increase in the
Ge:Na optical
transmission
as compared
with Ge:Sb,%

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

11.00

46.6

46.8

46.88

46.93

46.96

46.98

47.00

47.00

7.01

45.9

46.1

46.2

46.1

45.9

45.7

45.5

45.3

44.9

46.43

46.73

46.23

45.96

45.60

45.35

45.07

44.96

44.82

46.71

47.12

46.54

46.18

46.07

45.99

45.76

45.71

45.63

0.60

1.32

0.67

0.48

1.03

1.41

1.53

1.67

1.80

Let's make two comments to the Table 4.1. Firstly, sometimes the values of Ge
transmission at different wavelengths given in the literature are higher than even
theoretical values shown in line 1 of the Table 4.1. Most probably, this is due to the
overestimation of the transmission values obtained by those measurements in which
scattering and its apparent contribution to the crystal transmission was not taken into
account [13]. Secondly, although the values of transmission of Ge:Sb crystals shown in
line 3 are very close to the data given by industrial manufacturers of optical germanium,
sometimes they can be slightly larger or smaller for some wavelengths. Most likely, this
is due to the different chemical contaminations in the raw materials and proves once again
that in order to establish the role of the dopant in the formation of material properties, it
is necessary to ensure the identity of the raw materials and growth conditions.
As to results shown in the line 4 of the Table 4.1, it should be emphasized that we did not
intend to present here the results with the best parameters received by us, but were
intended to compare the properties of Ge:Na and Ge:Sb crystals (line 3) obtained from the
same raw material (6N zone-refined polycrystalline germanium having a resistivity about
47 Оhmꞏсm) by the same growing method and under the same technological conditions.
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In addition, both types of the compared crystals had the same donor density, the same
resistivity and the close values of the free electrons concentration. To make the results of
crystal characterization more impartial and convincing, we have get involved in many
measurements the external scientific laboratories and, in addition, we have selected the
crystals for measurements in a random way.
It turned out also [18] that the Ge:Na crystals have a significantly lower scattering of
transmitted radiation and higher regular optical transmission as compared with Ge:Sb
crystals (see Table 4.2), thus, the increase in transmission in Ge:Na in comparison with
Ge:Sb was mainly due to a decrease in the scattering. This is due not only to the fact that
introduction of small-size interstitial Na atoms into germanium leads to less distortions of
the crystal lattice as compared with substitutional impurity Sb in Ge, but also to lower
solubility of Na in Ge (about 1015 atoms/cm-3) [21] as compared with Sb. (This value of
Na solubility will be justified below in Section 4.5.2.1). As already noted, the maximum
solubility of Sb in Ge crystals is 1.2×1019 atoms/cm3 [15], Sb has a retrograde solubility
in Ge, and, as a result, while cooling the grown Ge:Sb crystals from the growth
temperature to the room temperature, second-phase inclusions of Sb with character sizes
about 6-9 μm are formed, which scatter the infrared radiation [14, 23]. Unlike this, the
density of dissolved Na in Ge is small, and the formation of impurity clouds which serve
as scattering centers, in Ge:Na is much less likely than in Ge:Sb.
Table 4.2. Radiation scattering and regular optical transmission of Ge:Na and Ge:Sb crystals
grown from the same raw material and under the same technological conditions [18]. The
measurements were made at room temperature for the wavelength 10.6 µm in the Vavilov State
Optical Institute, St. Petersburg, Russia.
Crystal
Radiation scattering, %
Regular optical transmission

Ge:Na
1.2-1.5
0.41

Ge:Sb
4.0-5.0
0.39

4.2.4. Identification of the Predominant Donor Impurity
Analyzing the properties of the crystals in which sodium, as expected, was introduced
during growth, we naturally wondered whether the crystals grown actually contain
interstitial Na as the main donor impurity and, hence, whether really sodium is responsible
for the observed characteristics of the crystals.
Tables 4.3 and 4.4 show the concentrations of Sb and Na (Table 4.3) and concentrations
of 6 main donor impurities (Table 4.4) in the grown Ge crystals measured by the methods
of neutron activation analysis in the Institute of Nuclear Physics of the National Academy
of Sciences of Ukraine and by the glow discharge mass spectrometry method in the
Electrodynamics Laboratory “Proton-21” (Kiev, Ukraine), respectively. The free electron
density in all crystals under investigation was close to 1.0ꞏ1014 сm-3, the crystal resistivity
was about 15 Ohm∙cm. As seen from the Tables 4.3 and 4.4, sodium could be really
considered to be a predominant donor-type impurity in the grown crystals since its
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concentration was significantly (about 20 times) higher as compared with the total
concentration of other donor-type impurities.
Table 4.3. Concentrations of Sb and Na in the Ge:Na and Ge:Sb crystals measured
by the methods of neutron activation analysis.
Crystal
Ge:Na
Ge:Sb

Sb concentration, сm-3
3.5ꞏ1011
0.4 ꞏ1014

Na concentration, сm-3
9.7ꞏ1014
<1.1ꞏ1011

Table 4.4. Concentrations of main donor impurities in the Ge:Na crystal measured by the glow
discharge mass spectrometry method.
Impurity
Concentration, сm-3

Li
<4.4ꞏ1012

Na
3.4ꞏ1014

К
2.7ꞏ1013

Sb
1.3ꞏ1012

P
2.0ꞏ1012

As
5.9ꞏ1012

To obtain information about the predominant position of sodium ions in the germanium
lattice, the experiments on the donor drift in the electric field were carried out. For this
purpose Ge single crystals doped with Sb and Na, 35 mm in diameter and 150 mm length,
at resistivity about 15 Ohmꞏcm, were grown along to [111] axis. Then the bars
1.6×4.6×30.0 mm in size were cut out from the crystals at a distance about 60 mm from
the crystal top to avoid the possible effect of the thermal shock on the crystal properties.
The defective layer (about 80 µm in depth from both sides) was etched out the bar surfaces
and then the ohmic In contacts were evaporated on the both small sides of the bars and
then heated at 250 ºC for 2 h.
The DC voltage 12 V was supplied to both bars and the current passing through the bars
as well as its changes in time were measured. The results obtained are shown in Fig. 4.2.
As seen, the current passing through the Ge:Sb crystal did not change with time (curve 1).
As to Ge:Na crystal, after voltage application the current is monotonically increased for
approximately 10 min, and then exponentially raises (curve 2), accompanied by a sample
heating.

Fig. 4.2. Time dependence of the current passing through the Ge:Sb (curve 1) and Ge:Na
(curve 2) crystals as DC voltage is applied.
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To measure the resistivity distribution along the both crystals, the power supply was
disconnected in 20 min after its application and then the heated Ge:Na sample was cooled
to the room temperature. Thereafter the value of resistivity as well as its distribution along
the crystal length were measured both in Ge:Na and Ge:Sb samples. It was found for the
Ge:Sb crystal that the value of resistivity and its distribution along the crystal were the
same as before voltage application. At the same time, in the case of Ge:Na crystal, the
value of resistivity was equal to 40 to 42 Ohmꞏcm at the anode region about 15 mm length,
then, as the distance from the anode was further increased by 11 mm, this value was
sharply decreased to 4 ÷ 5 Ohmꞏcm and, finally, the resistivity decreased more gradually
up to about 1 Ohmꞏcm at a distance 4 mm from the cathode. Such a distribution of
resistivity proved to be stable and did not change with time. Then both samples were
heated in the inert atmosphere at temperature 520 to 540 ºС for 4 h, thereafter were cooled
to the room temperature and the resistivity measurements were carried out. It was found
that the value of resistivity and its distribution in both samples fully coincided with those
in the initial state, that is, before voltage application. Such experimental cycles were
repeated over and over again and yielded the same results, independently on the fact which
electrode was used as an anode or a cathode.
The results obtained show that: (i) just as could be expected, Ge:Sb crystals do not contain
ions which are mobile in the electric field (at least, up to 4 V/cm); (ii) the electrical
properties of Ge:Na samples at rather small electric fields applied, are typical for the
materials which contain ions mobile in such fields, most likely, interstitial ions [22].
Therefore, the results described in this section demonstrate that Ge crystals doped with
Na during their growth, really contain interstitial Na as a predominant donor impurity and
just this impurity is responsible for the electrical properties of those crystals and, probably,
for another specific properties as well.
4.2.5. Structural Properties and Degree of Uniformity of Electrical Characteristics
Table 4.5 presents the etch pit densities measured at the central and peripheral regions of
the cross-sections of Ge:Na and Ge:Sb single crystals having a diameter of 50 mm and
grown by Stepanov method through the hole in a graphite forming bushing. Before
measurements, the crystals were etched in a selective etchant H2O2 + HF + H2O for 2 h at
room temperature. As seen, the etch pit densities and, hence, the dislocation densities both
in the central and peripheral regions of Ge:Na crystals is noticeably lower as compared
with respective regions of Ge:Sb crystals.
Table 4.5. Etch pit densities in Ge:Na and Ge:Sb single crystals.
Crystal
Ge:Na
Ge: Sb
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Central region
of the crystal cross-section
6.0ꞏ104 сm-2
1.2ꞏ105 сm-2

Peripheral region
of the crystal cross-section
1.2ꞏ104 сm-2
2.4ꞏ105 сm-2
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One more argument in favor of the higher lattice perfection of Ge:Na crystals as compared
with Ge:Sb crystals, consisted in the fact that, when measuring the rocking curves of Xray diffraction (reflection (400), CuKα1 radiation), the width on the half-height of the
maxima of those curves appeared to be about twice lesser as compared with respective
width for Ge:Sb crystals.
To evaluate the degree of uniformity of physical characteristics in Ge crystals, the
distribution of the resistivity over the crystal volume is more frequently measured.
We have carried out such measurements on Ge:Na and Ge:Sb single crystals (having a
diameter of 30 mm and length of 400 mm) grown from the melt by Stepanov method at
constant rate of pulling through the hole in a graphite forming bushing. The results
obtained are shown in Fig. 4.3. As seen, the values of resistivity measured at the top and
the bottom end faces, respectively, were equal to 25 and 12 Оhmꞏсm for Ge:Sb crystal
and 24 and 22 Оhmꞏсm for Ge:Na crystal. The significant (up to five-fold) difference
between resistivity at the top and the bottom end faces of donor-impurity doped Ge
crystals grown at constant pulling rate has been previously described in literature as well
(see Fig. 7.7 in [12].
Thus, according to Fig. 4.3, the degree of uniformity of resistivity along the crystal length
in Ge:Na crystal is by about 6 times higher as compared with Ge:Sb crystals grown under
the same conditions. Since the values of resistivity and optical transmission are correlated
[9], the higher degree of uniformity of optical transmission in Ge:Na crystals as compared
with Ge:Sb crystals can be also expected.
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Fig. 4.3. Distribution of resistivity (left-hand vertical scale) and, approximately, of free electron
density (right-hand vertical scale) along cylindrical Ge:Na and Ge:Sb single crystals (having
a diameter of 30 mm and length of 400 mm) grown from the melt at a constant pulling rate.

Note that the sharp changes in resistivity at the top and the bottom end faces of Ge crystals
seen in Fig. 4.3, was previously observed in Ge:Sb crystals as well and was attributed to
thermoelastic stress. At the crystal top such a stress is due to the transition of the shape of
crystallization front from convex one into the melt to approximately flat one, whereas at
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the crystal bottom such a stress is due to the abrupt separation of the growing crystal from
the melt (so called thermal shock) [14].
4.2.6. “Self-controlled” Doping of Germanium with Sodium During Crystals
Growth
As was mentioned above, when growing Ge crystals doped with group V substitutional
impurities, the impurity contamination in the growing crystal (and, hence, the electrical
conductivity) increases from the crystal top to the bottom (see a curve for Ge:Sb crystal
in Fig. 4.3). Such an increase results from the continuous increase of doping impurity
concentration in the melt during the growth process. To obtain more uniform distribution
of electrical and other physical characteristics along the crystal length, the growth rate is
gradually decreased by using specially developed programs. In addition, to grow a crystal
with a defined value of resistivity, a doping impurity concentration in the melt should be
calculated previously and corresponding source material should be prepared [12].
In the case of Ge:Na the situation is quite different. Similarly to the process of Ge doping
with substitutional group V impurities, we introduced sodium (in accordance with the
developed technology) into the source material before growing, but we have neither
calculated nor controlled the Na concentration in the source material and in the melt, i.e.,
doping occurred from an unlimited source of impurity. In spite of this, Na contamination
in the grown crystals lied just in that region of donor densities which is the best one for
optical germanium (most likely, this is an accidental coincidence). In other words, Na
density in the crystals was set “automatically” and, hence, the process of Ge doping with
Na may be considered as “self-controlled”. The value of Na density in the grown crystal
very slightly depends on growing temperature over rather wide temperature range and,
what is most important, remains unchanged during almost the entire period of crystal
growing. As a result, the crystal characteristics are uniform along the crystal length (see a
curve for Ge:Na crystal in Fig. 4.3).
The uniform distribution of resistivity along the Ge;Na crystals may be explained as
follows. It will be shown below in Section 4.5.2.1 that Na solubility in Ge crystals at room
temperature may be evaluated as (0.3-1)×1015 сm-3, which is more than by 4 orders of
magnitude lower than Sb solubility in Ge [15]. When the Ge:Sb crystal is pulled from the
melt, concentration of Sb in the melt continuously increases since Sb solubility in solid
Ge is smaller than in molten Ge. Respectively, the Sb content in the grown crystal
gradually increases as well (but to a lesser extent than the increase of Sb content in the
melt). Nothing prevents this since the Sb solubility in Ge is high. As to growth of Ge:Na
crystals, the content of Na in the melt also increases during the crystal growth as a result
of smaller solubility of Na in solid Ge as compared with molten Ge, but this does not
affect the Na content in the growing crystals, owing to small solubility of Na in Ge.
4.2.7. Stability of Performance of Ge:Na Crystals
Taking into account that the impurity (Na) introduced into the germanium crystals is
interstitial and its atoms have rather small dimensions, a question about the stability of the
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characteristics of crystals during the long-term use of the crystals could arise. The values
of the diffusion coefficient of Na in Ge and related problems will be considered in detail
below in the Section 4.5. However, it seems convincing that during last 2.5 decades more
than 2000 kg of single-crystalline and coarse-grain Na-doped germanium were used for
fabricating different optical elements of modern IR technique by different companies of
the USA and Ukraine (main two customers), as well as of Germany, Switzerland, Russia
and Austria. Many of those elements have been employed under a wide range of operating
conditions. Nevertheless, none notifications concerning degradation of the material
properties have been obtained up to date which can be considered as a reliable practical
evidence of stability of parameters of Ge:Na crystals.

4.3. Growth and Application of Large Coarse-grain Ge:Na Plates
with Improved Optical Characteristics
4.3.1. Relevance of the Problem
Although mono- and polycrystalline optical germanium, one of the basic materials of IR
optics, for more than half a century is used to manufacture lenses, windows, and other
passive elements of IR technique, recently a special attention has been paid to
polycrystalline optical germanium, which is cheaper and, what is important, may be more
easily grown in the form of large-area plates required, in particular, for the production of
so called protective screens which protect the outdoors-used thermal imaging devices of
night vision from rain, snow and other external influences. It is obvious that such screens
should have a maximum possible optical transmission and low scattering of the
transmitted radiation, i.e. do not impair the quality of the obtained image of the object.
To ensure that single-crystalline screens may be really replaced by the polycrystalline
ones, it is necessary to know to what extent different characteristics, and primarily the
optical parameters of polycrystalline optical germanium are inferior to the characteristics
of single crystals and whether it is possible to make these characteristics as close as
possible. The technological and physical experiments described below were aimed at
solving this problem in the case of Na-doped germanium.
А detailed critical comparison of the characteristics of single-crystalline and
polycrystalline optical germanium has been carried out by Schroeder and Rosolowski in
2013 [24]. In particular, the well-known fact has been analyzed that, for the wavelength
of 10.6 μm, the values of the manufacturer's guaranteed transmission of the 1-cm-thick
single-crystalline and polycrystalline windows are 0.020 cm-1 and 0.035 cm-1,
respectively. This means that the transmission of 10.6 μm radiation by uncoated crystals
of both types are 45.86 % and 44.99 %, respectively, and in the case of using a perfect
antireflection coating, transmission equals 98.02 % and 96.56 %, respectively. Thus, the
difference in transmission of the single-crystalline and polycrystalline germanium with an
antireflection coating exceeds 1.4 %. On the assumption of these data, as well as the data
on the differences in the index homogeneity, the authors came to the conclusions that
(i) the use of Ge single crystals is desirable if a 1 % improvement in optical transmittance
99

Advances in Microelectronics: Reviews, Volume 2

is crucial, for example, for systems containing multiple Ge lenses in series, and (ii)
polycrystalline germanium is more suitable for the creation of optical elements of small
to medium size.
At the same time, some authors had more optimistic view on the use of polycrystalline
germanium. In particular, Adams [19] concluded that, since, on the one hand, the
polycrystalline blanks may consist of large crystallites and, hence, may have few grain
boundaries, but, on the other hand, the single crystals may contain many dislocations,
small angle boundaries and slip planes, from the point of view of optical elements
manufacturing, the Ge blanks classification as single-crystalline and polycrystalline is an
oversimplification. The author approves that polycrystalline material in most cases can be
used on a par with single crystals, only it must be properly manufactured. In particular, as
it was shown by McNatt and Handler [25], polycrystalline germanium should have a
sufficiently low resistivity, say from 4 to 25 Ohmꞏcm. This is necessary in order to
compensate acceptors (for example, Cu and Au), which may be accumulated at the grain
boundaries, creating regions of increased absorption. Such regions, with resistivity above
40 Ohmꞏcm, were detected by Lewis at al. [26] in Ge with resistivity between 20 and
40 Ohmꞏcm, and the authors have concluded that this effect associated with the grain
boundaries can be eliminated by using high-purity starting materials. The above
arguments need to be taken into account when preparing polycrystalline Ge:Na.
4.3.2. Growth of Polycryctalline Ge:Na Ingots and Plates
As a starting material for crystal growing, we used a zone-refined polycrystalline
germanium with a purity of 6N. Polycrystalline Ge:Na bulk crystals were grown by two
methods.
For manufacturing comparatively small windows, polycrystalline Ge:Na ingots were
pulled from the melt by Czochralski method in the form of rectangular parallelepipeds up
to 88×82×47 mm3 in size. One of such ingots is shown in Fig. 4.1 (right upper photo). The
ingots were grown on single-crystalline seeds inside a graphite shaper which presented an
empty box with the above-indicated internal dimensions. Growth was carried out in an
argon or helium ambient. The size of individual grains in the grown ingots was usually
0.5-5.0 сm2. For practical use, the ingots were cut into windows with an area
of 82×47 mm2.
As for manufacturing larger windows or large protective screens, the Ge:Na plates up to
400×150×20 mm3 in size were grown by a horizontal directional crystallization in a
nitrogen ambient. Among the advantages of this method [27] are its relative simplicity,
the ability to grow very large plates as well as the cost-effectiveness. One of the grown
plates is shown in Fig. 4.1 (lower photo). The plates were polycrystalline with a grain size
of 1 to 10 cm2. Similarly to Ge:Na crystals pulled from the melt, the resistance of the
plates was fairly uniform along their length, decreasing from the beginning of the plate to
its end by no more than by 10-12 %, most often from 18 Ohm∙cm to 16 Ohmꞏcm. The
reasons for this higher homogeneity in Ge:Na crystals as compared, for example, with
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crystals doped with V group elements, have been discussed above. Using specially
developed technological tricks, the crystallization front was made maximally close to flat,
which, in particular, contributed to a reduction of mechanical stresses in the plates [27].
4.3.3. Optical Transmission of Polycrystalline Ge:Na Plates and Benefits of Their
Practical Application
Fig. 4.4а shows the optical transmission spectra of two randomly selected round windows
with a diameter of 2.54 cm and a thickness of 0.1 cm, cut from a polycrystalline Ge:Na
ingot, 88×82×47 mm3 in size, grown by us by pulling from the melt in He atmosphere, as
described above in Section 4.2.1. The measurements were carried out at the "Axsys
Technologies" company (USA). For comparison, the transmission of single-crystalline
Ge:Sb window used a reference one, is shown. It can be seen that the transmission of the
reference single-crystalline sample exactly coincides with the transmission of one of the
Ge:Na polycrystalline windows and even is slightly smaller than the transmission of the
second polycrystalline Ge:Na window. Thus, the optical transmission of the
polycrystalline Ge:Na grown by pulling from the melt is at least no less than the
transmission of the single-crystalline high-quality Ge:Sb reference sample. Fig. 4.4b
shows the optical transmission spectrum of a window with a thickness of 5 mm, cut from
a Ge:Na coarse-grained plate 330×120×20 mm3 in size grown by the method of horizontal
directed crystallization in a nitrogen ambient. For comparison, the typical transmission of
the Ge:Na single crystal grown from the same raw material is shown (solid circles). The
measurements were made in our Institute by using the Infrared Vacuum Fourier
Spectrometers Bruker Vertex 70 V. As seen, the transmission spectrums of both crystals
completely coincide.

(a)

(b)

Fig. 4.4. (a) Optical transmission spectra of windows cut from a polycrystalline Ge:Na ingot,
88×82×47 mm3 in size, grown by pulling from the melt in He atmosphere (curves 2 and 3)
and of the reference high-quality Ge:Sb window (curve 1). Sample thickness equals 0.1 cm.
(b) Optical transmission spectrum of a window with a thickness of 5 mm, cut from a Ge:Na
coarse-grained plate 330×120×20 mm3 in size grown by the horizontal directed crystallization
in an nitrogen ambient. For comparison, the spectrum of the Ge:Na single crystal grown from
the same raw material is shown (solid circles). All measurements were made at room temperature.
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The above results show that, in addition to previously established such important
technological factors as the reduction of the temperature fluctuations in Ge melt,
sustaining the instant crystal growth rates and other improvements of the growing
conditions [13], the nature of the dopant, too, can play a decisive role in improvement of
optical parameters of the crystalline optical germanium. Indeed, replacing the
substitutional impurity Sb with the interstitial impurity Na not only leads to the
improvement of the optical parameters of single crystals without taking special
technological efforts, but also the optical characteristics of polycrystalline ingots and
polycrystalline large plates, regardless of the method of their growing, are the same as of
high-quality single crystals. It results, most likely, from the absence, in Ge:Na, of impurity
clouds, which serve as centers of scattering of IR radiation.
When manufacturing protective screens based on polycrystalline Ge:Na plates, it turned
out that the advantages of this material are noticeable also at the final stages of screen
manufacturing. In particular, it was found that, after applying a similar anti-reflective
coating on both sides of the plates, the increase of optical transmission in the Ge:Na
screens is by a few percent larger as compared with Ge:Sb screens. This is apparently
associated with a difference in the nature of the defects that exist at the crystal-coating
interface in the both types of materials.
Fig. 4.5 shows the results of testing the thermal imaging system of night vision using
protective screens made of Ge:Sb (a) and Ge:Na (b) polycrystalline plates grown from the
same raw material. The tests were carried out at night, the night vision system with a
Ge:Na protective screen was brought up to such a maximum distance from the monitored
object on which it was already possible to determine its presence and nature. At a distance
to the object 3580 m and while using a coarse-grained Ge:Na protective screen, the
experienced observer confidently determined that the monitored object is seen and it is a
truck of the Ukrainian brand “Gazelle” (Fig. 4.2b). However, after replacing the Ge:Na
protective screen with a Ge:Sb protective screen with the same geometric parameters, the
existence of the object could be also detected but its nature could not be distinguished
(Fig. 4.2a). Obviously, this difference is due to the lower scattering of radiation in Ge:Na
plates as compared with Ge:Sb plates.

(a)

(b)

Fig. 4.5. Results of testing the parameters of the thermal imaging system of night vision using
protective screens made of Ge:Sb (a) and Ge:Na (b) coarse-grained plates grown from the same
raw material. The tests were conducted at night, the distance to the monitored object (truck) was
3580 m.
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Taking into account that the photos shown in the Fig. 4.2 may seem not very convincing
and someone can doubt the observer's conclusions about those images, and in order to
provide the quantitative assessment of the both images shown in Fig. 4.2, we estimated
roughly the degree of blurring for those images. Blurring is usually understood as unclear
outlines of the elements of the image, which does not allow to discern details of the image.
One of the methods for estimating the degree of image blur is based on the value of the
Weibull distribution parameter η: the greater the degree of blur, the closer η approaches
2.0 [28]. According to this criterion, the image in Fig. 4.2b does not exceed the value of
η ≈ 1.3-1.4 which is considered quite sufficient to establish the nature of the object, while
the image in Fig. 4.2a exceeds the value of η ≈ 1.7.

4.4. Hydrogen in Polycrystalline Ge:Na Plates and Plate Strengthening
by Ultrasonic Processing
4.4.1. Background
The role and properties of hydrogen in germanium have been studied for a number of
years primarily in single crystals of high purity germanium used for production of
gamma-ray detectors [29-31]. Those crystals are grown in the hydrogen ambient and
contain trapped hydrogen at a concentration 1014-1015 cm-3 [30]. In such studies the focus
was on the charge state of this impurity, its location in the germanium lattice, interactions
with various impurities and defects, etc. As for optical germanium, the presence of
hydrogen in the crystals and its effect on crystal properties remained unexplored, a fortiori
that such crystals are usually grown in a gaseous medium that does not contain hydrogen.
However, as shown below, such an effect exists and can lead to unforeseen results.
Above, in Section 4.3, the large Ge:Na plates used, on particular, as a material for
manufacturing protective screens for thermal imaging systems of night vision, were
described. When manufacturing those screens, polycrystalline plates are to be cut, grinded
and polished, and it turned out that under such procedures some troubles may arise.
Owing to rather good optical parameters of large polycrystalline Ge:Na plates as well as
to reliability and comparative cheapness of their growing, for the last few years this
material has already found successful industrial use to create protective screens with
dimensions up to 400 cm2 for thermal imaging systems.
Firstly, the plates could crack during their machining. To avoid it, we have developed a
method that made it possible to grow plates under conditions of a flat shape of the
crystallization front. This method made it possible to increase the mechanical strength of
rather thick (15-25 mm) plates, but in the case of large plates of smaller thickness (less
than 8-10 mm), the flat crystallization front did not have the same effective impact on the
plate strength.
Secondly, the plates behaved during machining like a material with some porosity which
caused the appearance of micro-defects on the plate surface, which had to be removed
with an additional machining.
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And, finally, at plate polishing, unpleasant smell was felt, and the production staff could
even feel headaches and nausea, if working without personal protective equipment.
We assumed that all these problems arise for the same reason, that is the presence of
dissolved hydrogen in germanium. In fact, of all the chemical compounds that
hypothetically could be released from the plates, only the compounds with hydrogen
are toxic.
Below we present the experimental data in support of the assumption of the presence of
hydrogen in optical germanium and its negative impact on the plate properties. Also a
method of ultrasonic processing is described for removing dissolved hydrogen from
germanium plates which leads to the solution of the above problems, as well as to a
significant improvement in the plate strength and structure.
4.4.2. Related Works and Considerations
To become clear from which sources hydrogen enters the plates of optical germanium
grown under the inert gas ambient, we recall that the main technological processes of
production of the raw materials from which optical germanium is produced, are carried
out in the hydrogen flow. Those are the process of obtaining metallic germanium by
chemical reduction of germanium oxide and the process of zone purification of the
obtained metallic germanium.
The solubility of hydrogen in germanium at high temperatures is quite significant: it is
known [32] that molten Ge absorbs hydrogen in an amount of 0.186 ml of hydrogen per
1 g of germanium. In reality, however, the amount of absorbed hydrogen in the melt can
be even greater, since, as was shown previously [33], the solubility depends on the
conditions at the interface between the hydrogen-containing medium and the liquid metal.
During the growth of Ge:Na plates which is carried out in the inert gas ambient, hydrogen
which was dissolved in the raw material, can partially evaporate through a large-area
crystallization surface. It leads to the formation of pores, and, as a result, the plates become
slightly porous. Similar processes have been observed previously in other materials, for
example, in the course of solidification of liquid magnesium in the hydrogen atmosphere.
It has been shown [34] that since the solubility of hydrogen in liquid magnesium is about
1.5 times greater than in solid magnesium, a hydrogen gassing occurs at magnesium
solidification, and the metal becomes micro- and macroporous.
The hydrogen-based model under discussion made it possible to explain all specific
troubles appeared while plate machining. The porosity of the plates increases their
fragility and can lead to plate cracking during their cutting and grinding, especially in the
case of relatively thin plates. That part of the hydrogen that remained in the plates after
partial evaporation of hydrogen and can be accumulated in the pores, in the interstitial
spaces of the germanium lattice or at the grain boundaries, may participate in formation
of toxic chemical compounds with germanium during plate machining. Toxicity of these
compounds is very high, for example, the concentration of the germane GeH4 in the air
104

Chapter 4. Sodium-doped Germanium Crystals as a Material for Infrared Optics and Detector Technique

more than 5 mg per 1 m3 is fatal to humans, and in 1970 the American Conference of
Governmental Industrial Hygienists (ACGIH) set its occupational exposure threshold
limit value of at 0.2 ppm for an 8-hour time weighted average. Furthermore, the restoration
of environmental system after the end of the exposure of those compounds lasts at least
10 years.
Based on the above considerations, we set ourselves the goal of developing a technique
for reducing the hydrogen content in optical germanium plates. Note that this problem
cannot be solved by an often used method of removing hydrogen from various materials
by their high-temperature annealing since, as our experiments showed, with such
treatments optical germanium crystals lose their high transparency in the infrared spectral
range. As an alternative method, we decided to examine the possibility to use, for this aim,
the ultrasonic processing both of the raw material and grown plates.
Previously the methods of ultrasonic treatment of Ge, Si, and compound semiconductors
have been used for some decades as a powerful tool of the defect engineering in these
semiconductors [35]. It was also shown that, by means of ultrasonic treatment, it was
possible to change the microplastic properties of the near-surface region of
dislocation-free silicon and achieve the formation of a hardened near-surface layer of a
very small thickness (about 100 μm) [36]. However, we did not find any information on
bulk hardening of Ge or Si crystals by means of ultrasonic treatment.
4.4.3. Ultrasonic Processing of Source Material and Optical Germanium Plates
Ultrasonic processing of coarse-grain Ge:Na plates of different size as well as of the raw
material pieces was performed using an ultrasound oscillator UZG-2-UM which had a
maximum output power of 2 kW in a frequency range of 18-22 kHz, and an ultrasonic
bath of the UZV-25M type. The design of the generator allowed the possibility of setting
the system generator-bath in resonance. Transformation of electric current into
mechanical oscillations was carried out using a magnetostrictor PMS-2,5-18. To ensure
homogeneity of ultrasonic treatment of plates, the working volume of the ultrasonic bath
was filled with distilled water. To avoid chipping of the samples in the process of
ultrasonic processing, a plastic shock absorber was installed on the metal working surface
of the oscillator. To monitor the power and the presence of resonance in the system, a
control sample, partially immersed in water, was placed in the ultrasonic bath, to which
the piezoelectric sensor was attached. The control was carried out using an oscilloscope.
The power and duration of the ultrasound processing were experimentally selected as
follows: the control plates were placed alternately in an ultrasonic bath, and then the
output power of the ultrasonic generator was gradually changed from 200 to 1300 Watts.
It turned out that at the power of 200-600 W, any changes in the plate surface were not
observed. Starting from a power of 600 W, the formation of small bubbles was observed
on the plate surface, and the intensity of the bubble formation gradually increased with an
increase in power from 600 to 1000 W. At a power of 1000-1300 W, no further increase
in the intensity of the bubble formation was observed. The duration of ultrasonic
processing of the plates at different capacities was selected experimentally. After
ultrasonic treatment, all samples were etched in a polishing etchants, and their surface was
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examined by using a metallographic microscope and an atomic-force microscope. It was
found that, at ultrasound processing with a power of 200-1000 W, no visible changes of
the plate surface were observed. When the output power of the generator exceeded
1000 W, an erosion of the plate surface was observed, the intensity of which increased
with increasing generator power. Thus, we determined that ultrasonic processing of the
plates should be performed in the capacity range 800-900 W. Under these conditions, the
control plates were kept in an ultrasound bath for 15 min to 2 h. It was found that within
the first 25-30 minutes, the intensity of the bubble formation on the plate surface was
maximal, then gradually decreased and, finally, bubble formation completely ceased after
1 h of treatment. It turned out that, under these conditions, the surface erosion was never
observed. Based on the results obtained, we chose the optimal parameters for ultrasonic
processing, namely, the output power of the generator, the duration of treatment and the
type of a liquid in an ultrasound bath.
In Fig. 4.6 а photograph of the plate surface during the ultrasonic treatment is presented,
on which the bubbles on the plate surface are seen. It is noticeable that the formation of
bubbles occurs unevenly over the plate surface. To make it easier to observe the end of
the process of bubble formation, we "erased" them periodically by a brush, but then the
new bubbles appeared on the surface. When the bubbles ceased to appear, the processing
was stopped, the plates were taken from the bath and dried in air.

Fig. 4.6. Photograph of the Ge plate surface section, 30×15 mm in area, after 15 minutes
of ultrasonic treatment. The gaseous bubbles are seen on the plate surface.

After establishing the optimal regime of ultrasonic processing, it was carried out in a
tightly closed bath, from which the gaseous products were excited by means of a special
nozzle and passed through a water-filled barber for their chemical neutralization.
Note that we did not succeed in similar effective removing the gaseous products from the
raw material, i.e. from the zone-refined germanium: the quantity of released bubbles
turned out to be small, and such processing had practically no effect on the properties of
grown plates. We will discuss the possible reasons for this below in the Section 4.4.5.2.
For this reason, we refused to process the raw material, and only the grown plates were
ultrasonically treated.
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4.4.4. Determination of Hydrogen Presence in As-grown and Ultrasonically Treated
Ge:Na Plates
4.4.4.1. Measurement of Hydrogen Content by the Method of High-temperature
Extraction
The hydrogen content in the Ge plates before and after their ultrasonic treatment was
determined using the RH-402 analyzer from Leko. The principle of the device operation
is based on high-temperature extraction of hydrogen followed by the determination of its
amount by means of the highly sensitive thermal conductivity detector. The relative error
of such measurements does not exceed 10 %, the limit of determination of the hydrogen
concentration is about 4.4ꞏ1014 сm-3.
The measurements showed, that, as a result of ultrasonic treatment, the concentration of
hydrogen molecules in the Ge plate decreased from (1.90 ± 0.04) 1017 сm-3 tо
(2.73 ± 0.20)ꞏ1016 сm-3, that is, approximately by 7 times.
4.4.4.2. Detection of Hydrogen by the Raman Spectroscopy Method
Fig. 4.7a shows the spectra of Raman scattering on optical phonons in Ge polycrystalline
plate before (curve 1) and after (curve 2) its ultrasonic processing, measured at room
temperature at the wavelength of the exciting laser line 488 nm. In the spectrum of
untreated crystals, the lines with maxima at 2930 cm-1, 1612 cm-1 and 1445 cm-1 were
detected. It can be assumed that the first and third of these lines are the Raman signals at
2990 cm-1 and 1430 cm-1, which were recorded in Ge crystals treated in a deuterium
plasma [30]. The nature of the line at 1612 cm-1 is not yet clear to us. Since germanium
crystals were not specifically treated with deuterium, it remains to be assumed that the
observed lines were associated with deuterium contained in natural hydrogen. It is known
that the deuterium content in hydrogen is small (0.011-0.016 atomic %). However, it
should be taken into account that the distribution of hydrogen in the crystals studied might
be inhomogeneous and hydrogen concentration in some local regions may well exceed
the averages. In addition, the radiation of the 488 nm laser line is absorbed in a narrow
(approximately 100 nm) near-surface area, where the concentration of hydrogen (and
hence of deuterium) exceeds their concentration in the volume. Therefore, it cannot be
excluded that the presence of deuterium can indeed be manifested in Raman
measurements.
It can be seen from Fig. 4.7a that after the ultrasonic treatment the discussed lines in the
Raman spectrum disappear, which agrees with the assumption of a decrease in the
hydrogen concentration and, consequently, in deuterium concentration.
We have used such an indirect method of hydrogen detecting since the signal of hydrogen
itself in the Raman spectra of Ge is not always manifested, despite the fact that interstitial
H2 is considered to be the dominant hydrogen center in Ge [30]. Only when studied the
Ge samples specially treated with pure hydrogen, two sharp lines at 3826 and 3834 cm-1
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were revealed by Raman measurements at 80 K assigned to orto- and para-H2 trapped at
the interstitial sites of the lattice [29].

(a)

(b)

Fig. 4.7. Room temperature Raman spectra on optical phonons of Ge:Na plate before (curves 1)
and after (curves 2) its ultrasound processing measured in the range of 100 tо 4200 сm-1 (a)
and 260 tо 320 сm-1 (b).

4.4.5. Effect of Ultrasonic Processing on Mechanical and Structural Properties
of Ge:Na Plates
4.4.5.1. Changes in the Vickers Microhardness
Measurements of Vickers microhardness were carried out at a load of 25 g and a holding
time under a load of 9 s. Indenter was installed in the central part of the selected crystallite
area of at least 10 cm2 in size, since, as is known [37], to increase the accuracy of
measurements on polycrystalline materials, it is necessary to conduct measurements on
the crystallite of the largest possible area and to install the indenter on as much distance
as possible from the crystallite edges.
As shown by the measurements, the average Vickers microhardness in polycrystalline
plates before and after their ultrasonic treatment was 690 kg/mm2 and 720 kg/mm2,
respectively, i.e. the microhardness increased after this treatment by 4.35 %. We note that
the maximum Vickers measured on the (111) plane of the Ge single crystal (which plane
is most favorable for these measurements) is 746 kg/mm2, i.e. only 3.5 % higher than that
measured by us on a crystallite with a randomly chosen crystallographic orientation. This
testifies to the fact that, as a result of ultrasonic treatment of polycrystalline plates, the
degree of their "looseness" becomes insignificant.
4.4.5.2. Changes in the Density, Porosity and Etch Pits Density
The evaluation of the change in the plate density resulted from the ultrasonic processing
was carried out on a plate in the form of an elongated rectangle with one pointed smaller
108

Chapter 4. Sodium-doped Germanium Crystals as a Material for Infrared Optics and Detector Technique

side. The rectangular part of the plate had a length of 160.00 mm and a width of
116.90 mm. Taking into account the triangular part of the plate, its total length was
196.70 mm. The thickness of the plate was 11.00 mm. Thus, the initial (i.e., before the
ultrasonic processing) volume of the plate was 229.34 cm3.
It was found that after the ultrasonic processing at optimum values of the frequency and
power of mechanical vibrations, and also with the optimal treatment time (which was
chosen so that the release of gas bubbles from the plates ceased completely), the linear
dimensions of the plate were reduced: the length and width of the rectangular part by
0.25 mm and 0.20 mm, respectively, and the total length (taking into account the triangular
part) – by 0.30 mm. Thus, the volume of the plate after ultrasonic processing also
decreased and became 228.60 cm3. The weight of the plate after its ultrasonic processing
remained unchanged and amounted to 1210.00 g. Hence, we obtain that, as a result of
ultrasonic processing, the volume of the plate decreased by ΔV = 0.74 cm3, and the density
ρ, respectively, increased from the value of 5.276 g/cm3 to 5.293 g/cm3, i.e. by
Δρ = 0.017 g/cm³. According to reference data, the density of Ge single crystals is
5.327 g/cm3 at 25 °C, i.е. only by 0.64 % exceeds the density of polycrystalline plates
processed by ultrasound. It is easy to calculate that in the case of untreated Ge plates, this
difference is greater by one and a half times.
The porosity of the untreated plates relative to the treated plates was evaluated by the
formula
Р = (ρtr-ρuntr)/ρtr = ∆ρ/ρtr,
where ρuntr and ρtr are the density of initial (untreated) and ultrasound-treated plates,
respectively. It turned out that P ≈ 0.32 %.
Let us estimate how this value agrees with the amount of hydrogen in the untreated plates,
measured by the high-temperature extraction method (see Section 4.4.4.1). For such
estimation, suppose that the pores in such plates are completely filled with hydrogen
(which, of course, not necessarily implemented in practice).
The total volume of pores in the plate is 0.32 % of 229.34 cm3, i.e. about 0.73 cm3. Since
the weight of 1 m3 of hydrogen is 90 g, this volume may be occupied by about 6.5ꞏ10-5 g
or 1.9ꞏ1019 molecules of hydrogen. Such an amount of hydrogen, located in a plate of
229.34 cm3 in volume, corresponds to the fact that the concentration of hydrogen atoms
in the plate is 1.6ꞏ1017 at/cm3. Taking into account the accuracy of measurements of the
plate density, evaluative character of calculations made, and also the fact that the complete
filling of pores with hydrogen is unlikely, we can assume that this value does not conflict
with the concentration of hydrogen in the ultrasound-treated plates 2.73ꞏ1016 cm-3
measured by the high-temperature extraction method.
Note that, at first glance, it may seem that the reduction in porosity and the increase of
microhardness resulted from ultrasonic treatment are small and cannot significantly affect
the strength of the plates. However, studies of some other solids, even less brittle than Ge,
had shown the importance of even small decreases in porosity [38]. In particular, it was
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revealed that a decrease in the porosity by 3 % leads to an increase in the strength of some
types of steel up to 20 %.
It can be assumed that in the raw material from which germanium crystals are grown,
namely, in zone-refined germanium, which, in contrast to polycrystalline plates, consists
of small grains, the mechanism of hydrogen storage is not the same as in the plates. Most
likely, due to other conditions for the solidification of zone-refined germanium, hydrogen
is located at numerous grain boundaries and, as indicated above, the ultrasonic treatment
used could not release it from this position.
As was indicated above, we observed an intense release of bubbles from the plates during
their ultrasonic treatment (Fig. 4.6). According to our estimations, the diameter of the
bubbles ranged from 0.1 mm to 0.4 mm. Based on the above amount of hydrogen released
from the plate, it is easy to estimate that the number of the released bubbles was on the
order of several hundred thousand.
Note that the bubbles were released most intensively from the middle part of the plate
along its direction of growth, from which it can be concluded that just this region of plate
is most defective. This result agrees with our previous observations [39] that in the plates
grown by the horizontal directional crystallization, the mechanical stresses are maximal
in the middle region of the plates along the growth direction. Fig. 4.8 shows the
distribution of the etch pits density over the surface of the optical germanium plate
330×150×20 mm in size measured before (a) and after (b) the ultrasonic processing of the
plate. The dimensional diagrams were obtained by the automated method for determining
the etch pits density [39] using a computerized calculations of the etch pits density in
384 points over the surface of the crystal plate. As seen, in both cases the etch pits density
is maximal in the middle region of the plates along the growth direction. The fact that
cracking of the as-grown plates during their machining occurs, if at all, just in half along
the plate length is consistent with the fact that, as it was shown previously [40] in optical
germanium crystals the dislocation density correlates with the value of thermoelastic
stress. On the other hand, removing mechanical stress (in our case, by ultrasonic
processing) results in the release of energy which leads to dislocation multiplication,
provided that the value of this released energy exceeds the energy cost of making
dislocations. Just for this reason the density of dislocations in the middle part of the plate
increases after the ultrasonic processing (Fig. 4.8b) in comparison with the density of
dislocations in as-grown plates (Fig. 4.8a).
In the Raman spectrum of germanium, the maximum of the TO phonon peak due to the
optical vibrations of the Ge-Ge bonds is located at a frequency of approximately
300 cm-1 [41]. As our experiments showed (Fig. 4.7b), as a result of ultrasonic processing
of the optical germanium plate, this peak shifted from 301.9 cm-1 (before processing) to
303.6 cm-1 (after processing) (see curves 1 and 2, respectively). The half-width of the peak
remained practically unchanged (6.6 cm-1 and 7.0 cm-1, respectively). Note that similar
displacement was observed as a result of uniaxial [42] or hydrostatic [43] compression,
which caused a decrease in the interatomic distances of the crystal lattice.
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Fig. 4.8. The dimensional diagrams of distribution of etch pits density over the surface of the same
optical germanium plate before (a) and after (b) its ultrasonic processing. The numbers along the
horizontal axes indicate the geometric dimensions of plate in cm, the numbers along the vertical
axis – etching pits density in cm-2.

4.4.5.3. Changes in the Plate Structure Revealed from Raman Spectroscopy
and X-ray Diffractometry Data
Note by the way, that, as it was shown theoretically [44] for the intermetallic alloys, the
introduction of hydrogen atoms into the pores of the alloy with a hexagonal structure was
accompanied by a significant (by 10-27 %) increase in the volume of the crystal lattice,
although the lattice type did not change.
Fig. 4.9 presents X-ray diffraction patterns of the untreated plate (curve 1) and of the same
plate after ultrasonic processing (curve 2) measured on the automated X-ray
diffractometer HZG-4 with doublet Kα1 and Kα2 radiation of the Co-anode using a special
preset holder of the sample allowing for an independent movement along the ω axis
(coaxial to the 2θ axis of the goniometer) and φ axis (perpendicular to the surface of the
specimen, defines the angle of rotation of the sample around its axis). In the experiment,
the axis φ was installed perpendicular to the main axis of the goniometer (perpendicular
to the ω and 2θ axes).
It was found that, as a result of ultrasonic processing, the lattice parameter of the sample
is decreased from 5.667 Å to 5.649 Å.
Thus, the Raman spectroscopic and X-ray diffractometric data presented in this section
for the untreated and ultrasound-treated plates, are in complete agreement with the
observed decrease in the plate volume resulted from their ultrasonic treatment, set forth
above in Section 4.4.5.2. The reason for this decrease may be a decrease in the amount (or
complete elimination) of hydrogen-containing pores in the crystal lattice of germanium,
as well as a decrease in the lattice volume. Both of these processes lead to hardening of
Ge:Na plates.
The observed changes in the parameters of polycrystalline Ge:Na plates resulted from
their ultrasonic processing are summarized in Table 4.5.
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Fig. 4.9. X-ray diffraction pattern from the Ge:Na sample before (1) an after (2) ultrasonic
processing.
Table 4.5. The changes in the parameters of polycrystalline Ge:Na plates resulted from their
ultrasonic processing.
Parameter
Hydrogen content, сm-3
Vickers microhardness, кg/mm2
Density, g/сm3
Lattice parameter, Å

Before ultrasonic
processing
1.9ꞏ1017
690
5.276
5.667

After ultrasonic
processing
2.7ꞏ1016
720
5.293
5.649

4.4.6. Fracture Toughness and Possible Causes for Increasing the Plates Strength
at Ultrasonic Processing
Аs it is known, an important parameter that determines the ability of a material to perceive
the loads acting on them without forming the cracks, is the fracture toughness. We made
an attempt to determine the change in this value as a result of ultrasonic treatment of the
plates. For this aim, an indentation method was used [45].
It is clear that it is impossible to make measurements in the same point of the plate surface
before and after ultrasonic treatment since the use of this method is destructive and
measurements at the same point before and after ultrasonic treatment are uninformative.
On the other hand, the measurements in another plate area are not meaningful as well,
since the initial properties of the first and second areas may be different, for example,
because of the different crystallographic orientations of the crystallites.
At the same time, we have managed to obtain an useful and reproducible information as
to fracture toughness. It was found that before the ultrasonic treatment this value equals
0.85 ± 0.01 MPaꞏm½ in the middle region of the plate and 0.91 ± 0.02 MPaꞏm½ in the
peripheral regions of the plate. After the ultrasonic processing, the value of the fracture
toughness is leveled over the entire surface and equals about 0.87 ± 0.02 MPaꞏm½.
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Note that more recently a NASA Technical Report was published [46] in which the
fracture toughness was measured both for single-crystalline and large-grain disks of
germanium. Among other things, a pessimistic conclusion was drawn that coarse, variable
grain germanium is far from being an ideal material for such research. However, by testing
different Ge planes by 3 different methods, the authors concluded that the fracture
toughness equals about 0.68 ± 0.02 MPaꞏm½ for {100} and {110} and about
0.74 ± 0.02 MPaꞏm½ for {111} germanium planes. Thus, the values measured by us are
close to the above values and numerically even exceed them.
The alignment of the fracture toughness over the plate surface resulted from the ultrasonic
treatment, permits us to make assumptions about the observed increase in the cracking
resistance of the plates. Really, for statistical analysis of the strength of brittle materials
and for evaluating the probability of their destruction, the Weibull model is the most
widely used [47]. This model, based on the concept of a "weak link", considers the
structure of the material as a chain whose strength is determined by the least strong link
in the chain. In the framework of this model, the strength of the plate as a whole should
be increased if all regions of the plate have the same strength parameters.

4.5. Diffusion Parameters, Solubility, and Electrical Activity of Na in Bulk
Ge Crystals
4.5.1. Background
Actively discussed at present, the prospects for creation the Ge-based modern high-speed
nanoelectronic devices are limited, among other things, by the fact that during the years
of Si dominance in electronics, many studies of Ge were not sufficiently intensive. In
particular, stability and mechanisms of diffusion of many impurities in Ge remain
unknown and, as a result, it is difficult to control the properties of Ge-based devices which
contain these impurities [48].
For many years Na as an impurity in Ge has been considered promising to replace Li,
unstable even at room temperature, in Ge detectors of γ-radiation [6]. However, sodium
which, as it was shown above, from a recent time is successfully used for manufacturing
optical elements of infrared technique, remains to be one of the least studied impurities in
Ge. The tables of physical parameters of different impurities in Ge, published in the
reference books, monographs and reviews, either do not include any Na parameters or
those parameters differ by up to several orders of magnitude. For example, the published
values of Na maximum solubility in Ge measured at close temperatures, differ by more
than two orders of magnitude – from 8ꞏ1015 cm−3 at T = 610 °C to 1ꞏ1018 cm−3 at
T = 750 °C [49]. The contradictoriness of data concerning the solubility of Na in
germanium, its charge state, the location in the crystal lattice, the diffusion mechanisms,
etc., has already been noted in Section 4.2.1.
As regards the general concept of shallow impurities in Ge, it was summarized as follows
[50]: “Most of the shallow impurity states in Ge are formed by substitutional impurity
atoms. Impurity atoms or ions must be very small to occupy an interstitial state.
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Appreciable numbers of interstitials have been demonstrated only for atomic H and He,
and for Li+ ions. The remaining impurities take up substitutional sites and diffuse into the
lattice by exchanging lattice sites with vacancies”.
However, the results described above in Section 4.2 as well as the results on Na
implantation in Ge [6] show that an assumption that Na in Ge cannot be electrically active
and cannot occupy interstitial is not confirmed. Indeed, the optical and other characteristic
of Na-doped germanium proved to be typical of the optical-grade germanium which, as it
is known [14, 51], necessarily must contain a shallow donor impurity at a density from
5×1013 cm−3 to 4×1014 cm−3. Moreover, long-term use of grown by us Ge:Na crystals for
the creation of IR elements confirms that Na in Ge is not some "exotic" and uncontrollable
contamination, but quite stable donor impurity suitable for a practical use.
Let us consider the second possibility for practical use of Na impurity in Ge, that is the
creation of Na-doped Ge detectors of γ-radiation, similar to those doped with Li. Lithium
is used in Ge detectors to compensate the charge carriers in the depletion region of p-Ge,
but has the disadvantage that rapidly diffuses in Ge even at room temperature. Hopes to
use Na instead of Li were based on the fact that since the sodium ion radius is larger than
that of lithium, the diffusion of Na in Ge lattice at ambient temperatures may be slower
than that of Li. In order to clarify the prospects for replacing Li to Na in these detectors,
it was necessary to establish exactly the unknown values of some important parameters of
Na impurity, such as maximum solubility of Na in solid Ge, the diffusion coefficient of
Na in Ge crystals at room temperature and, most importantly, the associated degree of
stability of the electrical characteristics of Ge:Na crystals with various Na distribution
over the crystal volume, particularly during long-term crystal storage. All these issues are
presented below.
4.5.2. Experimental Results
4.5.2.1. Solubility and Distribution Coefficient of Na in Ge
Solubility of Na in Ge crystals was roughly evaluated by us in Ge:Na whose growth from
the melt by Stepanov method or by horizontal directional crystallization was indicated
above. Let us recall that a distinctive feature of the sodium doping process was that Na
was introduced from the "unlimited" source and the amount of the introduced Na was not
controlled, as distinct Ge doping with V group elements, such as Sb, which is introduced
in a predetermined amount by adding, to the Ge melt, the GeSb pellets containing a known
quantity of Sb.
While doping germanium raw material from the "unlimited" source of Na, in many years
of our practice we have encountered with cases where the grown crystals had a resistivity
above 40 Ohmꞏcm, i.e., they were close to Ge with the intrinsic conductivity whose
resistivity equals to 47 Ohmꞏcm [52]. These failures we explained by random deviations
of doping regime from the optimum one. However, never was the case when the resistivity
of the grown crystals was below 5 Ohmꞏcm, which, according to [8], corresponds to the
density of free electrons above 3×1014 cm−3.
114

Chapter 4. Sodium-doped Germanium Crystals as a Material for Infrared Optics and Detector Technique

The Ge:Na crystals used for measuring Na concentration by the neutron activation
analysis (Table 4.3) and by glow discharge mass spectrometry (Table 4.4) had the
resistivity about 15 Ohmꞏcm, i.e., the density of free electrons in the crystals was about
1×1014 cm−3 [8]. As seen from Tables 4.3 and 4.4, the density of free electrons and the Na
content in the crystals are the same within one order of magnitude, although the Na content
is slightly higher than the density of free electrons. This can be due, most likely, to
formation of neutral complexes of Na ions with the negatively charged ions or vacancies,
or to minor retrograde Na solubility. The solubility of such a nature is typical of many
impurities in germanium [53]. In the case of crystal doping with such impurities, during
cooling the crystal from the growth temperature to room temperature, the Ge-impurity
solid solution becomes supersaturated and the excess impurity atoms would form the
second phase and, hence, would become electrically inactive. But we have an argument
against the hypothesis of Na second phase formation, at least, against the formation of
micron-sized inclusions. Really, as evidenced by the results of our optical measurements
(Table 4.2), infrared radiation scattering in Ge:Na crystals is usually lower than that
typical of Ge:Sb crystals, in which, due to retrograde Sb solubility, second-phase
inclusions of character sizes about 6-9 μm may be formed, which scatter the infrared
radiation [14]. Thus, examining the results shown in Tables 4.3 and 4.4, it may be
supposed that the retrograde solubility of Na in Ge, if any, is not essential.
Our conclusion that the content of the electrically inactive Na in Ge crystals is small, is
inconsistent with the results obtained while studying Na diffusion-in from the Ge crystal
surface, on the basis of which it was concluded that Na introduced in this way in the Ge
surface layer, is electrically inactive [5, 54] or the content of electrically active Na ions
introduced is extremely small as compared with electrically inactive Na impurity [6].
Based on quantitative data on the Na content in Ge crystals doped from the unlimited Na
source shown in Tables 4.3 and 4.4 and above considerations, we concluded that the value
of the maximum Na solubility in Ge crystals at room temperature may be evaluated as
Сsmах = (0.3-1)×1015 сm-3.
Since the value of the maximum solubility of the impurity in the solid phase Сsmах and
distribution coefficient of this impurity k0 (i.e., the ratio of solubility in the solid phase to
a solubility in the liquid phase) are correlated with each other, and in the case of Ge such
a correlation is described by the relation Сsmах = 4.4×1021k0 [55], by using the above range
of Сsmах values, we obtain that the distribution coefficient of Na in Ge equals
k0 = (0.7 – 2.3) × 10−7. This value is very small but is not unrealistic since some other
impurities in Ge, for instance, Ag, are characterized by approximately the same low values
of the distribution coefficient as well [56]. A very low value of Na distribution coefficient
in Ge agrees with our observation that the process of Ge zone-refining from Na is more
efficient compared to most other impurities.
4.5.2.2. Na Diffusion in Ge Crystals
Na diffusion in optical-grade Ge:Na single crystals grown from the melt by Stepanov
method, has been investigated in 10 cuboid-shape samples, 54×4×4 mm in size, cut along
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the (111) axis. Before the experiments, the samples were subjected to mechanical
grinding, polishing and then to chemical etching in HCl solution for removing the
damaged layer. Low-resistance indium contacts, 9-10 μm in thickness, were deposited on
the opposite edges of the samples (along their length) by thermal evaporation. All samples
had almost the same resistivity over their volume, approximately 15 Ohmꞏcm.
For comparative measurements, the single-crystalline Ge:Sb samples of the same
geometric size, crystallographic orientation and resistivity were prepared.
The sample under investigations was placed in a thermostat and, via deposited contacts,
DC voltage of 35 V was applied, i.e., the initial field strength along the sample was about
7 V/cm. The time dependences of the electrical current passing through the Ge:Na sample,
were measured at 5 different temperatures in the range from 271 К to 296 K. It was found
that the current first increased, then decreased gradually and finally stabilized at a value
about 10 mA. The duration of this process depended on temperature T and varied from
800 min at T=271 K to 240 min at T=296 K (Fig. 4.10). After current stabilization, the
resistivity distribution along the sample was measured at room temperature by Van der
Pauw method [57]. It turned out that this distribution is almost the same for all samples
(Fig. 4.11). As shown in Fig. 4.12, after finishing the process of current stabilization in
Ge:Na crystals, the resistivity in the anode-adjacent region, about 2 cm in length, was
about 46 Ohmꞏcm, i.e., was very close to the resistivity of intrinsic Ge. When approaching
the cathode, the resistivity decreased gradually to about 1 Ohmꞏcm, which corresponded
to the free electrons density about 1×1015 сm-3 [8].
Such distribution of resistivity was obtained at all temperatures used, but the period of
time required to achieve the current stabilization, was different at different temperatures.

Fig. 4.10. Time dependences of the current passing through the Ge:Na sample at 5 different
temperatures (from 271 K to 296 K) and through the Ge:Sb sample at room temperature.
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Fig. 4.11. Distribution of resistivity along the Ge:Na crystal after current stabilization.
The left side corresponds to the anode-adjacent region of the crystal,
the right side – to the cathode-adjacent region. T = 300 K.

From our point of view, it is natural to suppose that the changes in resistivity along the
Ge:Na samples are due to Na ions drift toward the cathode under the influence of DC
electric field. Similar changes in the resistance distribution along the semiconductor
crystals as well as the processes of electric contacts "formation" during the initial period
of time after applying DC voltage were observed by us previously in studies the drift of
shallow mobile donors in II-VI compounds [22, 58].
The distribution of resistivity along the Ge:Na sample length obtained as described above,
proved to be very stable: it remained unchanged during the entire observation period of
sample storage at room temperature, which lasted for more than 2 years.
The resistivity distribution along the Ge:Na sample could be easily reversed if one
swapped anode and cathode and repeated the experiment. In this case, the distribution of
resistivity along the sample changed to the "mirror" one, in accordance with the new
direction of ions drifting. If, after carrying out the drift process, to anneal the crystal at
temperature about 480 °C for 3-3.5 h, it becomes uniform in resistivity again at the same
value of resistivity about 15 Ohmꞏcm as before the experiment.
The observed shape of the time dependences of the current may be clearly explained if
one presents the equivalent circuit model of the sample as two series-connected
resistances R1 and R2, where R1 is the resistance of the anode-adjacent region and R2 is
the resistance of the cathode-adjacent region. The changes in the current passing through
the Ge:Na samples are due to the fact that the resistance R1 gradually increases since the
donor ions gradually move from the anode-adjacent region toward the cathode-adjacent
region. Simultaneously, the resistance R2 decreases for the same reasons. Since the
dependence of the resistivity on the carrier concentration is not linear [8], it is difficult to
predict in advance how the current will change with time. But it should be noted that the
change of resistance R1 is limited since, as noted above, the maximum resistivity of Ge
at room temperature cannot exceed 47 Ohmꞏcm (the resistivity of intrinsic Ge) [52].
However, the resistance R2 can be reduced to rather low values [8], depending on the Na
ions density in the cathode-adjacent region of the sample. Reduction in the current value,
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which begins 30 min after the start of the experiment, shows that the length of the depleted
region (R1) begins to increase as Na ions drift from this area toward the cathode.
The fact that the value of the current becomes constant finally, indicates that the
movement of Na ions to the cathode virtually stopped, which can be explained by the facts
that the value of the external electric field is already insufficient for further ions drifting
or that Na ions have moved away from a significant part of the sample.
A similar experiment was also carried out on Ge:Sb samples. It was found that, over the
same temperature range, after applying the same, as to Ge:Na samples, electric field, the
current first also increased (due to the above-mentioned process of contact "formation"),
but then the value of the current rapidly stabilized (see curve for Ge:Sb in Fig. 4.10) and
then remained unchanged with time, at least during the observation time, which lasted
24 h. This effect we have already described above in Section 4.2.3, it can be explained by
the fact that Sb in Ge is substitutional impurity and hence is characterized by a very low
diffusion coefficient (1.1×10-11 cm2/s) [53, 56]. Because of this, under conditions of the
experiments described, drift of Sb ions seems to be insignificant and the resistivity of
Ge:Sb samples remains unchanged, unlike the Ge:Na samples.
Using the data shown in Fig. 4.10, a dependence lg Δt (103/T) was constructed graphically,
where Δt is time interval from the start of electric field application to current stabilization
at the value of 10 mA, T – temperature (Fig. 4.12). From the slope of the dependence
obtained, the activation energy Q for Na ions diffusion in Ge:Na crystals at temperatures
close to room temperature was evaluated [59]. It appeared that Q = 0.33 eV.

Fig. 4.12. Dependence used for calculation of the activation energy for Na ions diffusion
in Ge:Na crystals. The time interval ∆t was measured in seconds.

To evaluate the value of the diffusion coefficient D for Na ions in Ge crystals at room
temperature, the Einstein relation u/D = q/kT was used, where u is the mobility of ions,
q is the electron charge, k is the Boltzmann constant. Under conditions of electric field
application, the mobility of ions u = x/EΔt, where x is the length of high-resistance part
of the sample, E is the electric field applied, the determination of Δt was given above.
Hence, from the above two formulas one obtains that D = kTx/qEΔt. By means of this
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relation the coefficient D of Li diffusion into Ge crystals was previously determined [59]
and then this method was used, in particular, in our laboratory in numerous studies of ion
diffusion in crystals of II-VI compounds (see, for example, [60]). It was shown (see [59]
and Table 5.6 in [61]) that the values of D obtained by this method, are in good agreement
with the results of thermal measurements of D carried out in the absence of the electric
field. In general, the possibility of measuring the diffusion coefficient by the method under
discussion was considered in some authoritative monographs on diffusion in
semiconductors ([61, 62] and others) and was never in doubt.
Our calculations of coefficient D of Na ions diffusion in Ge crystals at room temperature
made by using the relation (1), have shown that D = 3.6×10−7 cm2/s.
Evaluation of the pre-exponential factor made from the ratio D = D0еxp(-Q/kT) [59]
showed that D0 = 0.13 cm2/s.
For independent verification of the obtained parameters for Na diffusion in Ge, we have
used the Dashman-Langmuir equation [63]. This equation, published in 1922, was cited
in many monographs and articles on diffusion in solids [62, 64, 65] and, in spite of the
empirical nature, its outstanding applicability for diffusion in many solids was often
emphasized. According to this equation, D0 = d2Q/N0h, where d is the lattice constant, h
is the Plank's constant, and N0 is the Avogadro number. Using the obtained value of Q,
we calculated that D0calc = 0.026 cm2/s. This value is 5 times different from the above
evaluated value D0 = 0.13 cm2/s. However, taking into account that the values of D0 for
different impurities in Ge may vary within 12 orders of magnitude (see Table 4.6), the
coincidence between the calculated and measured values of D0 can be considered quite
satisfactory.
It should be noted that the fact that our results regarding the diffusion parameters of Na in
Ge, significantly different from the data given in the literature and obtained mainly by
studying Na diffusion-in from the Ge surface, does not lead us to believe that all
previously obtained values are erroneous. Much more likely that, as it was shown while
studying Na diffusion in Si [3], the measured diffusion parameters may depend on how
the Na impurity is introduced into the host lattice.
4.5.3. Discussion of Results
According to scientific literature, all impurities in Ge can be divided into 3 types according
to the values of their diffusion coefficients D (Table 4.6) [53, 56].
As seen from Table 4.6, the values of D for the 1st-type impurities correspond to slow
diffusion and equal from 2×10–14 tо 10–11 cm2/s, while the values of D for the 2nd-type
impurities correspond to fast diffusion and equal from 4×10−9 tо 3×10−5 сm2/s. The
3rd-type impurities that includes gaseous elements H, He and Xe, we are not going to
consider here. It should be noted [53] that many of values given in Table 4.6, could be
considered valid only within an order of magnitude due to the low penetration depth of
impurities in the crystals during the measurements.
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Table 4.6. Diffusion parameters of impurities in Ge [18, 20].
Type of
impurity

1.

2.

Impurity, group in
the periodic table
Na (I)
Be, Zn, Cd (II)
B, Al, Ga, In, Tl (III)
Ge, Sn, Pb (IV)
P, As, Sb, Bi (V)
O, Te (VI)
Li (I)
Fe, Ni, Co (VIII)
Cu, Ag, Au (I)

3.

H, He, Xe (I, 0)

D, cm2/s

Q0, eV

D0, cm2/s

1.2×10-11
~ 10-12

2.08
2.5 ÷ 4.4

0.07
0.5 ÷ 109

from 2×10-14
to 10-11

2.08 ÷ 45

0.4 ÷ 109

0.46

1.3×10-3

350 ÷ 800

0.9 ÷ 1.1

0.13 ÷ 0.8

700 ÷ 930

9×10-6
from 9×10-7
to 4×10-5
from 4×10-9
to 3×10-5
from 1×10-11
to 4×10-5

T, °C

550 ÷ 900

0.2 ÷ 1.0
0.4 ÷ 1.2

3×10-6 ÷
7×10-2
5×10-6 ÷
6×10-3

700 ÷ 900
250 ÷ 980

As seen from Table 4.6, the values of D for the 1st-type impurities correspond to slow
diffusion and equal from 2×10-14 tо 10-11 cm2/s, while the values of D for the 2nd-type
impurities correspond to fast diffusion and equal from 4×10−9 tо 3×10−5 сm2/s. The
3rd-type impurities that includes gaseous elements H, He and Xe. It should be noted [53]
that many of values given in Table 4.6, could be considered valid only within an order of
magnitude due to the low penetration depth of impurities in the crystals during the
measurements.
On the basis of results shown in Table 4.6, it has been naturally assumed that the impurities
of the 1st-type, including Na, form substitutional solid solutions with Ge, are of acceptor
nature and diffuse through vacancies in the Ge lattice. The 2nd-type impurities include Li
as well as transition and noble metals. Of these, Li (which is most thoroughly studied) is
a shallow donor which diffuses through interstitials in the Ge crystal lattice. This is
promoted by a small ionic radius of Li+ ion which is 0.68 Å (for Pauling), 1.56 Å (the
effective value obtained taking into account the influence of the crystalline surroundings)
and 0.94 Å (actual value calculated from experimental data) [66]. All these values are
significantly lower than the nearest distance between Ge atoms in the crystal lattice
(2.45 Å) [67].
Other 2nd-type impurities substitute the Ge atoms in the crystal lattice and have mainly an
acceptor nature, although, at least as to some of them, the situation is not yet completely
understood.
The diffusion parameters of Na in Ge obtained in this study, namely: D = 3.6×10−7 сm2/s,
D0 = 0.13 сm2/s and Q = 0.33 еV at temperatures from -2 °C to 23 °C give grounds to
exclude Na from the 1st-type impurities and include it to the 2nd-type of the above
classification. Indeed, the value of the Na diffusion coefficient obtained is by some orders
of magnitude higher as compared with those of substitutional impurities (1st-type), despite
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the fact that we conducted measurements at much lower temperatures than those given in
Table 4.6. Thus, we can suppose that Na diffuses in Ge crystals via interstitials, like Li,
but Na diffusion is likely to be slower than Li diffusion. This should be promoted, in
particular, by the value of Na ionic radius, that is 0.95 Å (for Pauling), 1.89 Å (the
effective value obtained taking into account the influence of the crystalline surroundings)
and 1.17 Å (actual value calculated from experimental data), which are also lower than
the size of interstitials in the Ge lattice but are larger than the respective values for Li ions.
However, it is necessary to remember that, although the size of the diffusing atom is
important for the activation process, a great influence on these processes have the
electrostatic interactions, including interactions between the impurity and the vacancies,
and polarization or deformation of valence bonds of the crystal lattice [50].
A conclusion about the interstitial nature of Na diffusion in Ge is consistent with the very
recently published results of theoretical calculations [48] which shows that (1) the
formation energy of interstitial Na atoms in Ge lattice is more than twice smaller than the
formation energy of substitutional Na atoms and, hence, the interstitial site is a most stable
site for Na atoms in Ge, and (2) the calculated diffusion barrier energy for Na atoms with
the interstitial mechanism is about 0.9 eV. This value is rather close to the activation
energy for Na diffusion in Ge obtained in the present study.
A sufficiently high rate of Na diffusion in Ge crystal lattice correlates with the above
results of our evaluations of maximum solubility of Na in Ge, which at room temperature
is not greater than 1015 сm−3 and is much less than the values given previously [56]. This
correlation consists in the fact that we have obtained a quite low value of Na solubility in
Ge and, as known, low solubility in the host crystals is peculiar to fast diffusing impurities
[62].
The obtained value of the Na diffusion coefficient in Ge is consistent with our
experimental results that indicate a sufficiently fast diffusion of Na ions in an electric
field, but, on the other hand, an absence of perceptible diffusion of Na ions during
long-term storage of Ge:Na crystals at room temperature. As a result, the electrical and
optical parameters of Ge:Na crystals remain stable, regardless on the resistivity
distribution over the crystal volume. The fact that the observed drift of Na ions is rather
fast in Ge:Na crystals, while under the same electric field the drift of the substitutional Sb
impurity whose diffusion coefficient D = 1.1×10–11 сm2/s, cannot be even recorded,
indicates that the value of Na diffusion coefficient D = 1.2×10-11 сm2/s [2] which had been
included in reference literature [56], is likely to require revision, at least for the bulk Ge
crystals uniformly doped with Na.

4.6. Conclusions
The Na-doped germanium bulk single crystals, coarse-grain boules and large coarse-grain
plates were first obtained by the authors of this review, then studied and implemented for
practical applications.
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The donor behavior of Na in Ge crystals was demonstrated and an interstitial location of
Na impurity was verified. Although the doping was made from an unlimited Na source,
Na contamination in the grown crystals is usually in the range 5×1013 to 4×1014 сm-3 which
(perhaps, accidently) is optimal for optical-grade germanium. The Ge:Na crystals are
shown to have a number of advantages over Ge:Sb crystals (conventional optical
germanium) grown similarly and from the same raw material, among them the higher
transparency in the IR region, smaller radiation scattering and higher regular optical
transmission, smaller dislocation density, more uniform distribution of electrical and
optical characteristics over the crystal volume, the identity in the transparency of the
single and coarse-grain crystals. The most of above-listed features are explained by the
determined small maximum solubility of Na in Ge, which, in particular, causes the
absence of impurity clouds in Ge:Na.
On the base of the experiments made, the following values of some parameters of Na
impurity in Ge crystals are obtained: diffusion coefficient D=3.6×10-7 сm2/s,
pre-exponential factor D0 = 0.13 сm2/s, activation energy for diffusion Q = 0.33 eV, the
maximum solubility of Na in Ge crystals at room temperature
Сsmах = (0.3–1)×1015 сm-3 and the distribution coefficient of Na in Ge k0 = (0.7–2.3)×10−7.
Most of these values significantly differ from those previously reported in literature and
determined at Na diffusion in Ge thin surface layer. Using the values obtained, it is
possible to explain many features peculiar to Ge:Na.
The observed effective drift of interstitial sodium donors under a direct electric field
application in combination with a high stability of sodium ions in Ge at room temperature
is shown to open prospects of replacing lithium with sodium in semiconductor detectors
of ionizing radiations.
Experimentally established that the large Ge:Na coarse-grain optical germanium plates
grown in the inert ambient, contain uncontrolled hydrogen at a concentration above
1017 cm-3 which may result in the porosity of plates as well as in formation of microcracks
and surface micropores, cracking of plates and the release of toxic gaseous products at the
plate machining. The ultrasonic processing technique for significant removing dissolved
hydrogen from Ge:Na plates is developed which results in strengthening of the plates, the
increase of their density, the decrease of the porosity and the decrease of the crystal lattice
parameter. This, in particular, eliminates all above-listed troubles in machining of plates
when manufacturing the protective Ge:Na screens for thermal imaging systems.
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5.1. Introduction
The compound semiconductor materials from III-V class experienced a qualitative leap
from promising potential use in semiconductor devices as they were viewed at the mid of
XX century to extensively fabrication in optoelectronic industry at the beginning of XXI
century. As it was stated [1], III-V semiconductor compounds are the material bases for
electronic and optoelectronic devices as high-mobility transistors (HEMT), bipolar
heterostructure transistors, IR-light emitting diodes, heterostructure lasers, Gunn diodes,
Schottky devices, photodetectors, heterostructure solar cells for terrestrial and spatial
operating conditions, microwaves devices, electro-optical modulators and
frequency-mixing components. The primary purpose of the present study is to present data
regarding metal/semiconductor (M/S) interface on III-V compounds in order to
understand metallurgical characteristics of ohmic contact materials and Schottky barriers.
Representative examples are related to semiconductor materials as n-GaAs, GaAs (SI),
n-GaSb, p-GaSb studied for example in comparative ohmic contact systems in order to
identify metallization schemes similarities. As it was stated, Gallium Arsenide and other
III-V semiconductor materials have been considered besides silicon, attractive due to their
electrical properties as: direct energy and wider bandgap, higher carrier mobility, high
power and operating temperature [2]. In this view, a key element for example in GaAs
and GaSb devices technology consists in the obtaining of high quality ohmic contacts
because the surface of these compounds are covered with a native oxide layer. In this
view, developed on a trial-and-error basis, the AuGeNi alloyed ohmic contacts remain the
most widely used for n-GaAs or GaSb devices manufacturing. The AuGeNi system is
characterized by low contact resistance, good thermal stability both during device
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fabrication and device operation, strong adhesion, low metal sheet resistance [3]. The
conventional contact formation involves deposition of a contact metal on semiconductor
followed by an annealing process at elevated temperatures (which enhance the chemical
reaction between metals and semiconductor) in order to reduce for example, the electrical
voltage drop at the contact metal and semiconductor interface (in case of ohmic contacts).
Generally speaking, the conventional contact formation involves deposition of a contact
metal on semiconductor followed by an annealing process at elevated temperatures. The
final effect of annealing besides the formation of a stable new interlayer metal phase is
the reducing for example of the electrical voltage drop at the contact metal and
semiconductor interface (in case of ohmic contacts).In this perspective, the different
experimental data regarding for example AuGeNi contact formation revealed that in this
system Au acts as a base metal and his role is to promote Ga vacancies in n-GaAs due to
high solubility of Ga in Au. Ge acts as a doping element, diffusing into the lattice sites
vacated by Ga, creating in this way a heavily doped n-type intermediate semiconductor
layer that allows the tunneling mechanism which leads to the ohmic behavior. Ni acts as
a catalyst during the alloying procedure to improve the uniformity, thermal and
mechanical stability and reduction of surface roughness [4]. It is stated also [4] the
existence of an ideal interfacial microstructure that can provide a low contact resistance.
This interfacial microstructure developed for example in GaAs case, as a result of the
chemical reaction metal /GaAs is depending among other on: metal selection, annealing
temperature, time and atmosphere. This ideal interfacial microstructure can’t be predicted
based on thermodynamic and diffusion date, already measured. The effort for correlating
the electrical properties for metal/semiconductor interface with interfacial structure is
viewed, at least for III-V semiconductor compounds a way to gather the technical skills
with materials properties in order to predict device operating in different design
architecture. It is worth to mention that a part of semiconductor device fabrication is
starting with wafer preparation that means device fabrication is starting with surface
preparation, a process that is depending on: proper cutting, abrasion process followed by
an appropriate chemical etching [5]. In this regard the electrolytic etching and polishing
were experienced their invaluable characteristics in manufacture of semiconductor
devices. The technological experience had shown that for large scale device fabrication
the high quality of semiconductor wafers with uniform properties is a necessary
requirement for a good and reproducible device fabrication process. The process of
chemical etching for III-V semiconductors and not only is a process that can be easily
controlled on large wafer surfaces. The other option for semiconductor surface preparing
is dry etching (plasma discharges in different atmosphere environments) that compared
with wet etching it provides an improved uniformity, a greater repeatability, more
anisotropic profiles, improved etch depth control and a higher etch ratio. The principal
inconvenient for dry etching in device fabrication is its expensive cost on market
manufacturing in case of reduced number of devices that are required for a certain
application. In case of metal/semiconductor rectifying contacts that are basic devices in
semiconductor technology, is worth to mention that the fabrication of an ideal Schottky
barrier is generally more difficult in III-V system compared to Silicon. For instance, the
GaSb rectifying contacts is difficult to be controlled on GaSb surface due to the aggressive
oxidation process of GaSb surfaces, more serious than on GaAs or InP [5, 6]. In this
regard, the surface Fermi level in GaSb is pinned close to the valence band edge in case
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of p-GaSb that conduced to extremely low Schottky barriers, e.g. ~0.1 eV, close to ohmic
behavior of metal/p-GaSb structure [5], limiting in this way the Schottky barrier
applicability. The immediate consequence of the high leakage currents is the requirement
for using a thin interfacial layer that can be an insulator or an amorphous semiconductor,
prior metallization in device applications. From a fundamental point of view, the electrical
current that flows across the interface between a metal and a semiconductor has a
non-linear character against applied bias due to the discontinuity on the energy scale of
the electronic states that are responsible for conduction in the two materials [7]. It is stated
that in n-type semiconductors, the electrons localized near conduction band minimum
(CBM) are the first one responsible for electrical conduction, on the other part for p-type
semiconductors the holes localized near the valence band minimum (VBM) are
responsible for current conduction. From the band structure of semiconductors that
implies fundamental band gap determines the existence of lowest-lying states for n-type
semiconductor that can communicate with electrons in the metal at an energy SBH
(Schottky barrier height) situated above Fermi Level.
For electronic transport across metal-semiconductor (MS) interface this energy offset
manifests itself as a potential energy barrier that conduced to a rectifying behavior
between metal and n-type semiconductor, this means that current flow from the
semiconductor to the metal is favored against conduction in the opposite direction. In the
case of metal/p-type semiconductor the energy difference between Fermi Level and VBM
represents now the energy barrier, respectively the p-typeSBH that controls the hole
transport across metal-semiconductor (MS) interface. Generally speaking the current flow
across a metal-semiconductor interface depends exponentially on the magnitude of the
SBH at common applied voltage, in another word the SBH represents the most important
property of an MS interface that decides its electrical characteristics [7]. In this regard,
the explanation for the alignment condition between the energy bands across MS interface
represents a scientific challenge in condensed matter physics, including in nowadays due
to the technological problems arisen in device industry that had to control and solve
contact problem. Such technological problem should not be difficult to solve if the
formation mechanism of a Schottky barrier height is thoroughly understood. An overview
of recent literature on the SBH and ohmic contacts still offers an image of a wide spectrum
of opinions and models regarding the interpretation of barrier height formation
characteristics. It is worth to mention that the lack of a congruent explanation for the large
variety of experimentally observed SVH data and the absence of control upon the
magnitude of SBH in different metal-semiconductor systems, represents first of all a
motivation for the future experimental and basic research and also an indication upon the
difficulty and complex nature of the SBH problem to be solved. The quality of the contact
is affected by the diffusion and chemical reactions that take place during alloying, by
extensive interactions between chemical components and for example metal contact on
n-GaAs. Generally speaking, the chemistry at MS interfaces should not be any different
because metals and semiconductors have the same atomic structure. The description of
electronic states related to semiconductor or to the metal are subjected to a mechanical
quantum system in the sense that the electronic states in the metal and semiconductor had
to be modified to certain degree in order to exist in a combined system. The states related
to the surface of the two crystals (metal-semiconductor) will not survive in the MS
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formation process at least without significant modifications [7]. The new interface states
that are localized in the interface region are depending on the interface atomic structure
that is born. It is stated [7] that the chemistry of the actual charge distribution at MS
interface is different from a linear superposition of charge distribution on the initial
surfaces (metal-semiconductor) gathered by an alloyed contact. The net change in the
potential energy can be viewed as a result of charge rearrangement at the interface that
conduced to the formation of an additional of a so called “interface dipole”. The interface
dipole can be largely viewed as a result of charge transfer between metal and
semiconductor. The direction of charge transfer is usually self-evident but the exact
amount of charge transfer cannot be determined without ambiguity because the border
between metal and semiconductor cannot be strictly defined. In these conditions, it is
necessary to adopt conventional means for charge transfer to be determined and defined.
In this regard, it is adopted the convention that a “positive” interface dipole arises when
an amount of electrons is transferred from the metal to the semiconductor. In the
discussions and explanations of the magnitude of the SBH an excellent mean is the
Schottky-Mott Rule [8, 9] that reminds the critical role played by electrostatics in all
energy-level alignment problem. The Schottky-Mott Rule prescribes that the alignment
condition for the energy bands when the two crystals are each in their isolated state should
also prevail over the intimate MS interface between the two crystals. Since the
Schottky-Mott relationship is almost never observed in experiment it can be concluded
that the interface dipole does not vanish and plays a significant part at MS interface. Based
on experimental and fundamental research upon SBH is considered that the formation of
interface dipole is an entire topic of SBH. The entire experimental effort regarding the
study of deposited thin metal films on III-V semiconductor compounds is of interest for
controlling surface material preparation and processing in order to develop a competitive
technology for dedicated device applications.

5.2. Some Data Regarding Surface Wafer Preparation
A general feature of III-V semiconductor compounds wafer is the presence of a surface
that acts as an interface to the surrounding environment. In this regard, the surface
modification is the action upon the material that brings physical or chemical
characteristics that are slightly different from the ones initially present on the surface.
Another view of surface modification is represented by surface functionalization that
introduces chemical functional groups attached to a surface. Following this procedure,
materials with functional groups on their surface can be designed from substrates with
standard bulk material properties e.g. in semiconductor industry. Generally speaking, the
surface modification is done on the semiconductor materials by altering characteristics as:
roughness, surface energy or reactivity. From this point of view, surface engineering
involves control for the alteration of surface phase properties in order to reduce
degradation over time. Surface engineering techniques that are commonly used in
electronics and optoelectronics and by consequence implied in this work, are viewed as
controlled action on semiconductor surface by chemical and physical etching [10].
Etching procedure is used in microelectronics for chemically remover of different film
layers that are present on the substrate surface during fabrication. Etching is of peculiar
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importance process due to the fact that generally the wafer undergoes many etching steps
before its preparation is complete. Chemical etching or so called “wet etching”, plays an
important role in both preparation and the utilization of thin films at least from an
historical point of view. In this perspective, for thin film deposition application as metallic
layers on different substrates, chemical etching is the first suitable preparation method
that conduced to the removal of a work damaged surface layers together with the
possibility for creating a relief structure of specific geometry. In both cases the method
used is either a chemical polishing etching or is required a structural etching. It is worth
to specify that an important application of chemical etching is in the structural
characterization of materials, e.g. in detection of lattice defects in semiconductors, in
determination of layer structures of a p-n junctions and last but not least in the chemical
composition determination. In chemical etching [11], the simplest process involves only
the dissolution of the material in a solvent without changing the chemical nature of the
dissolved species. The etching process that generally involves one or more chemical
reactions is characterized by the formation of an etchant product that must be soluble in
the etchant medium. Different types or reaction involved are of oxidation-reduction type,
electrochemical type, complexation and gas phase etching. A redox type of etching
process implies the conversion of the material being to be etched to a soluble higher
oxidation state:
M→Mn+ + ne-.
A chemical complex formation is frequently involved in etching processes, often in
conjunction with a redox act, due to the fact that the formation of a complex ion or
molecule is accompanied by solubilisation in the etchant medium. The development of
physical etching, a so called “dry etching” applied in semiconductor processing has started
in the same time with the physical studies regarding vaporization processes. In this regard,
gas phase etching as a part of physical etching involves the vaporization of the material
that has been etched in a vacuum or in inert atmosphere. In another situation gas phase
etching is involving the reaction of gaseous etchants with the surface to produce volatile
products. Etching reactions are characterized by a process involving several sequential
steps [12], with the dissolution kinetics depending on the nature of the rate-limiting step
of the process in the sense that if the rate of this step is a function of the chemical reactivity
of the species involved, the process is said to be activation limited. On the other hand, if
the rate is determined by the velocity at which a fresh reactant can be supplied to the
surface, the process is said to be diffusion limited. The factors that can influence the
etching process are: etching temperature, the presence of catalytic species in the etchant;
solution internal disorder or localized solution heating. It is important to mention that
adsorption and desorption processes can affect the etching kinetics, i.e. adsorption of a
reactant from the etchant solution onto the substrate may produce surface complexes that
can facilitate the etching process. Also, the etching characteristics are related to various
orientation of single-crystal semiconductors in the sense that the various crystallographic
planes tend to etch at different rates with different etching profile aspect. It is worth to
mention the subject of contamination and cleaning of surfaces before and after etching
that is closely related with practical aspects of etch process. Surface contamination related
to etching has two aspects, namely: the initially presence of contaminants and their
removal prior to etching, and the presence of residual contaminants arising from etching
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treatments and their removal as a post-etch step. The contamination prior to etching is
related to the presence on the surface of peculiar materials as organic residues or inorganic
surface films different from the semiconductor to be etched. The contaminant particles
removal is generally accomplished by ultrasonic treatment in cleaning solution, use of
compressed gas jets, application of liquid sprays or jets or by mechanical means as
brushing. The organic residues can be removed down to monolayers levels by dissolution
in suitable organic solvents (e.g. trichloroethylene, acetone or propanolol) or by
vaporrefluxing in organic solvents. Complete removal of contaminants, including
inorganic films as oxides is generally possible only by plasma etching, glow discharge
sputtering, or chemical reaction leading to dissolution. From an experimentally point of
view the removal treatments upon initial contaminants is generally simple but the effective
removal of residual trace contaminants resulting from etching process is more difficult to
attend. The presence of surface contaminants are very critical in device technologies
where high-temperature processing may cause residual surface impurities that can
penetrate into the substrate and become the source of undesirable effects as electrical
instability of semiconductor devices. Experimentally was observed that the surface
cleaning by glow discharge sputtering techniques is effective on semiconductor surface.
In general, the physical action on the surface, the so called “dry etching” refers to the
removal of a material typically present on a masked pattern of semiconductor by exposing
it to ion bombardment e.g. plasma of reactive gases with the effect of dislodging portions
of the material from the exposed surface. The dry etching is a process with a pronounced
anisotropy characteristics that is particularly useful in semiconductors etching of the one
that are chemically resistant. In this regard, most of organic surface contaminants are
removed by chemical sputtering in O2 or in Ar+ sputter etching, a process that removes
residual oxide layers also on metals. We remarked also, the presence of surface
recontamination as a consequence of the backscattering or ion migration that can occur
during RF sputtering treatments, a fact that requires carefully optimized processing
conditions. In this regard, the ultrahigh vacuum heating after sputter cleaning is effective
for desorbing the gases that may be incorporated into the surface substrates during dry
etching operation [13]. Plasma etching is one of the most effective methods for surface
decontamination applied in semiconductor device industry. Generally speaking the
surface cleaning has two aspects that are important namely: surface treatment and storage
of the cleaned material. The final rising in wet cleaning and chemical etching process is
usually in water, and that is why in cleaning procedure is used only deionized and distilled
water in order to avoid contamination. High-purity electronic-grade isopropyl alcohol or
ethylic alcohol is a good alternative of final rinse after DIW (deionized water). As a
general rule, the storage of cleaned semiconductor substrates should be avoided but if the
storage is necessary the alternative is the using of a chemically cleaned glass containers
(e.g. Petri dishes) that should be kept in a contamination-free clean-room ambient. For
etching processes the selectivity is an important factor for experimental applications. As
it was stated, also for III-V semiconductor compounds, the etching reactions are specific
regarding the effect of crystallographic orientations. Generally, the chemical etching of
GaAs, GaP or GaSb proceeds by oxidation-reduction complex reactions analogous in the
main part with the mechanism for Si and Ge etching. The most common etchants in this
system are based on H2SO4-H2O2-H2O and HCl:H2O in different ratio volumes depending
on crystallographic orientations.
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In the frame of “dry etching”, the most common used is plasma etching that operates in a
pressure in range of (0.1 ÷ 5) torr, by producing free radicals, neutrally charged, reacting
at the substrate surface through a process characterized by an isotropic feature. The
different species present in plasma i.e. electrons, ions, radicals and neutral particles are
constantly interacting with each other, by two types of interaction namely: generation of
chemical species and interaction with the surrounding surface. The main factors that
influence the plasma process are: electron source, pressure, gas species, vacuum and
reaction chamber geometry. The plasma etching success for a certain semiconductor
material in a specific atmosphere is depending on an appropriate etch chemistry that will
form volatile products with the exposed semiconductor to be etched. The plasma etching
process is also affected by different properties as: surface temperature, volatility,
adsorption or chemical affinity that can affect the reaction products. In semiconductors
processing the plasma etching can be used to create different patterns on a fabrication
procedure, playing a major part in microelectronic production.
Another physical action to be mentioned is ion milling or sputter etching that uses lower
pressures in the range of 10-4 torr and it is acting through the bombardment of the
semiconductor substrate e.g. by energetic ions of noble gases, more often Ar+, that knock
atoms from the substrate by momentum transferring. This process performed by ions,
respectively the ion milling is acting approximately from one direction, having a highly
anisotropic character but it presents a poor selectivity character.
Reactive-ion etching (RIE) has as a general feature its operation under intermediate
pressure conditions taking into account the sputter and plasma etching, i.e. in the pressure
range (10-3 ÷ 10-1) torr. The up-grade technique is Deep Reactive-Ion Etching (DRIE) that
modifies RIE technique to produce deep, narrow features. From this point of view, DRIE
is a highly anisotropic etch process used to create deep penetration or steep-sided holes
and trenches in substrates with highly accuracy characteristic. In the historical sense, this
technique was initially developed for microelectromechanical systems (MEMS), systems
requiring these performances.
From an economical point of view, it is worth to mention that the dry etching technology
is expensive compared with wet etching procedure, but related to the pattern feature
resolution in thin films structures, is to be consider as strongly possible alternative.
Experimental results in surface cleaning by physical means e.g. the sputtering technique
by Ar+ ion beam sputtering can be also effective in the case of removal oxide layers on
III-V semiconductors. Generally speaking, the sputtering is a process whereby particles
are ejected from a target due to bombardment of gas ions. In this process, the incident ions
set off collisions cascades in a target and the number of atoms ejected from target (sputter
yield) is depending on: ion incident angle, ion energy, ion mass, target atom mass and
surface biding energy of target atoms. The ion sputtering threshold energy is depending
on biding energy of surface atom and has a value in the range (10-100) eV, and the atom
removing process by sputtering by the use of an inert gas is an ion etching process. For
semiconductors (III-V compounds peculiar case) ion sputtering is used to etch the target
(semiconductor) and the sputter etching has a high degree of etching anisotropy and where
selectivity is not a major concern. In this perspective, in case of Ar+ ion beam sputtering
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of Carbon and Oxygen contamination from GaAs, GaSb or GaP surface is needed, for
example an accelerating voltage of 0.5 kV, acting for few minutes. The sputtering process
viewed as an “in situ” cleaning procedure has the usual Ar+ accelerating voltage in the
range (1-3-5) kV and ion beam current I in the range (25-50-100) µA. In these condition,
for a desired plasma etching rate the used Ar+ ion beam voltage is usually 1 kV and the
sputtering time used for cleaning procedure is in the range (1-5) min [6]. The main
advantages of ion sputtering are related to its rapidity and the possibility of an “in situ”
cleaning process, a process a highly cleaning degree rate. The most important
disadvantages are related to the possibility of appearance at semiconductor surface of
stoichiometric modifications and that the Ar+ ion can damage the semiconductor by
penetrating the lattice. In III-V compounds case, in Ar+ ion sputtering process determines
the Ga atoms to be preferentially present on the surface (e.g. GaAs, GaSb, GaP), a fact
that imposed a thermal reconstruction treatment, generally in temperature range
(200-400) °C for few hours. Is to be said that one major drawback of sputtering as an
etching cleaning technique for semiconductors (applied also to III-V compounds) is the
wafer damage process. In order to obtain a suitable surface characteristic in order to be
used in different technological procedures (e.g. obtaining Schottky devices), at least in the
case of III-V semiconductor compounds have been used combined “ex situ” cleaning
techniques as chemical etching and thermal treatments cycles with “in situ” cleaning as
sputtering and reconstruction treatment in order to prepare a semiconductor surface for a
device technology requirements.

5.3. Vacuum Deposition of Thin Films and Characterization Techniques
5.3.1. Vacuum Deposition
Vacuum deposition or vacuum evaporation of thin films, in our case of metallic thin films
is a physical deposition process characterized by the deposition of atoms or molecules
resulted from thermal evaporation, that attend the substrate (e.g. III-V semiconductor
surface) without collisions with residual gas molecules from the deposition chamber.
Vacuum deposition generally requires a relatively good vacuum, the pressure in the
deposition chamber has to be better than the value 10-4 torr in order to assure a long mean
free pass between collisions. Is to be said that at a pressure of 10-4 torr there exists a large
amount of concurrent particle traces on the substrate that come from undesirable residual
gases, the observed effect being the contamination of the film. The contamination problem
can be experimentally solved in a deposition chamber environment that assures the high
(10-7 torr) and ultrahigh (<10-9 torr) vacuum conditions together with a desired
composition purity of the film depending on the deposition rate, reactivity of residual
gases, nature of depositing species and the tolerable impurity level in the deposit [14]. The
saturation or the equilibrium vaporpressure of a material is the vaporpressure of the
material that is in equilibrium with the solid or liquid surface in a closed container. Is to
be said that in equilibrium conditions the number of atoms that leave the surface of a
material is equal with the number of atoms that returns on the surface of that material.
Generally, the vaporpressure is measured by the use of a Knudsen (effusion cell)
consisting of a closed volume coupled with a small orifice of a known conductance, In
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these conditions, when the container is held at a constant pressure the material that escape
through the hole is depending on the pressure differential. In this regard, the equilibrium
vaporpressure of the material in the container can be computed with the conditions to
know the characteristics of vacuum environment outside the orifice and rate of material
escaping. The vaporpressure of different materials at a given temperature can differ by
many orders of magnitude and for vacuum deposition a reasonable value for deposition
rate is obtained if the vaporization rate is sufficiently high. The pressure value of 10-2 torr
is considered to be the necessary value for a useful deposition rate. Taking into account
this value, the materials with a vaporpressure of 10-2 torr above the solid are described as
sublimating materials and the one with vaporpressure of 10-2 torr above a liquid are
described as evaporating materials. In this perspective, is to be said that there are elements
such as chromium (Cr), cadmium (Cd), magnesium (Mg), arsenic (As) or carbon (C) that
sublime, and many other as: antimony (Sb), selenium (Se), or titanium (Ti) that are
situated on the borderline between evaporation and sublimation. Other materials, like
aluminium (Al), tin (Sn), gallium (Ga) or lead (Pb) have very low vaporpressure at
temperatures above the points at which they are already molten. The most part of elements
are vaporising in the atom form, but others such as: Sb, Sn, C or Se have a significant part
of vaporized species in the cluster atom forms. In the case of materials that evaporate as
clusters, the peculiar vaporization sources that are called “baffle sources” can be used in
order to establish the depositing vaporform in the atoms type. In the evaporation process,
as the material is heated, the first volatilized materials are the high vaporpressure surface
contaminants, absorbed gases and high pressure impurities. The effect of this
volatilization is the fact that the clean surface status of the substrate is affected by
contamination prior to the desired deposition process, as metal evaporation.
Generally speaking, a material suffered a freely vaporization from a surface, when the
vaporized material leaves the surface without collisions in the surface vicinity. The free
surface vaporization rate is proportional to the vaporpressure and is follows the
Hertz-Knudsen vaporization equation:
dN/dt= C(2πmKT)-(1/2) (p*-p) sec-1,

(5.1)

where dN is the number of evaporating atoms per cm2 of surface area, C is the constant
depending on the rotational degree of freedom in the liquid and in the vapour, p* is the
vaporpressure of the material at a given temperature, p is the vaporpressure above the
surface, k is the Botzmann’s constant, T is the absolute temperature, m is the mass of
vaporized species.
As can be observed from the equation the maximum vaporization rate occurs when p = 0
and C = 1. The actual vaporization rate in vacuum evaporation in the range of (1/10 ÷ 1/3)
of this maximum rate value due to mainly to the effects: i)-collisions in the vaporabove
the surface (i.e. p > 0 and C ≠ 1) and ii)- surface contamination. As regarding the material
flux distribution, for low vaporization rates the distribution is of cosine type in the sense
that as long as without collisions in gas phase, the material travels on a straight line
between the source and the substrate and the material from a point source deposits on
substrate as a function dependent on distance and substrate orientation in the form of a
cosine distribution equation as it follows:
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dm/dA= (E/πr2) cosφ cosθ,

(5.2)

where dm/dA is the mass per unit area, E is the total mass evaporated, r is the distance
source-substrate, θ is the angle formed by normal to vaporising surface, φ is the angle
formed by a line from the source to a point on the substrate.
In these conditions, namely the evaporation from a point source, the angular distribution
of the incident atomic flux on a point on the substrate is small a fact that conduced to small
area of vaporization in thermal evaporation. In evaporation conditions that can be
modified by source geometry, collisions associated with a high vaporization rate or the
level of evaporant in the source, the flux distribution from a free surface may not be cosine.
Experimentally this flux distribution can be measured directly, a complete model [15], the
atoms leave a hot surface with a thermal energy: 3/2 kT (k is the Boltzmann constant,
T is the absolute temperature) having a Maxwell-Boltzmann distribution in velocities (e.g.
in Cu case evaporation at a temperature of 1500 0C, the mean kinetic energy of vaporized
Cu atoms is 0.2 eV and mean atom velocity is around 1 km/sec) [14]. Regarding the
vaporization of alloys, their constituents vaporize in a proportional ratio with their vapor
pressure in the sense the high vapor pressure constituent vaporizes more rapidly than the
low vapor pressure material. This process is governed by Raoult’s Law and the effect can
be used in applications in order to purify materials by selective vaporization/condensation
action. The selectivity characteristics of alloy vaporization generates a non-uniform effect
upon film composition, an effect that can be viewed desirable or not as depending on
application.
In most vacuum deposition applications is used the resistive heating as the most common
technique in vaporization at temperatures below 1500 °C, and focused e-beams are
commonly used for temperature above 1500 °C. Typical resistive heater materials are: W,
Ta, Mo, C and the BN/TiB2 electrically conductive composite ceramic. Evaporation
source contains a molten liquid without extensive reaction with the heater and the molten
liquid must be prevented from falling from the heated surface. The heated surface have
different geometrical forms as: wire i.e. hairpin or spiral, boat, basket, crucible, crucible
with basket, coated boat (e.g. Al2O3), coated basket or baffle source. Resistive heating of
electrically conductive sources is sustained by low voltage (<10 V) and very high current
intensities (> several hundred of Amperes) attended from ac transformer supplies. During
vaporization the heater current is worth to have a slowly increase than to turn suddenly to
a high full heater power. As the temperature increases, the thermal expansions causes the
movement of evaporator part and this effect has to be taking into account in the design of
the heater fixture due to the fact at the contact resistance in fixture is important at low
voltages used in resistive heating. Typically, the resistively heated vaporization sources
operate with one connection at ground potential but if the source is operating above
ground potential it is necessary to use a filament isolation transformer. Because the
evaporation process is accompanied by metal expanding on heating the contacting clamps
between fixture and source should have water-cooled to provide consistent clamping and
contact resistance. The presence of wetting process has a benefit aspect in order to obtain
good thermal contact between the hot surface and the material to be vaporized.
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The thermally vaporized atoms that condense on a surface (substrate) that is exposed in
vaporization chamber give up an energy that includes: (i) Heat of vaporization or
sublimation (enthalpy change on vaporization)- in order of a few eV/atom, which includes
the kinetic energy of the particle that is typically 0.3 eV or less; (ii) Energy to cool to
ambient- depends on heat capacity and temperature change; (iii) Energy associated with
chemical reaction (heat of reaction) that can have an exothermic or an endothermic
character; (iv) Energy released on solution (alloying) or heat of solution. Generally the
vacuum deposition rate scan vary hardly, i.e. their range can be from less than one ML
(mono-layer)/second (MLS) (<3 Å/s) to more than 104 MLS (>30 µm/s), this effect being
dependent on thermal power input source, system geometry and material type. In this
regard, the deposition thickness uniformity from a vaporizing point is poor, and one of the
ways to overcome this problem is to use multiple sources with overlapping patterns. Other
solution of this problem are: substrate movement far away but taking into account the
decrease of deposition rate in 1/r2 ratio, and another one is to improve in a batch-type
system to move the substrate in a random manner over the vapor source(s) using various
fixture geometries. The deposition process has a line-sight characteristic that can generate
geometrical shadow effects on substrates that conduce to a non-uniform surface coverage,
a non-uniform fill thickness and a variable film morphology especially in the case of
oblique angles of deposition.
Desired characteristics of vacuum deposited thin films are also depending on the purity of
source material an act on the effect of purity on film properties and process
reproducibility, a desired solution being the use of extremely high purity materials
(>99.999 %) dedicated to specific applications. In general, different impurities as: O, C,
N or H that are specified or not by suppliers can be present in significant quantities
especially in the form of oxidized surfaces of reactive metals, hydrogen incorporated in
material (e.g. in electrolytic refined Cr), carbon monoxide (e.g. Ni purified by carbonyl
process) or He in natural quartz.
Vacuum deposition chamber is a large precincts due to the fact that the high radiant heat
loads requires a separation between source and substrate. This separation is necessary in
order to minimize the radiant heating from the source and also allows the presence of an
elaborate fixture to randomize the substrate position and also the use of shutters above the
vaporization source. In vaporization chamber the fixture surfaces represent a major part
of the surface exposed to film deposition, in this situation fixture surfaces has to be
carefully cleaned, handled and stored. The mounting technique as mechanical clamping
can give variable thermal and electrical contact to the surface. Often it is desirable to heat
the substrates before deposition begins, one solution being the radiant heating from a hot
source as a tungsten-quartz lamp, the other practical solutions are the use of accelerated
electrons and lasers. Different film materials e.g. Au are good heater reflectors and a high
percentage of the incident radiant heat is reflected from the coated surface. A substrate
cooling can be obtained by convection in certain vacuum conditions, but the substrates
can be cooled by mechanical contact with a cooled substrate fixture e.g. circulating chilled
water or oil, cooled water/ethylene glycol mixture (-25 °C), dry ice/acetone (-78 °C),
refrigerants (-150 °C) or liquid nitrogen LN2 (-196 °C). The facility of an in situ cleaning
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in vacuum deposition chamber by “plasma ring” can be used for cleaning substrate
surfaces prior to film deposition.
In evaporation process the main variables of vacuum deposition are: substrate
temperature, deposition rate, vacuum environment pressure- gas species, angle of
incidence of depositing atom flux, substrate surface chemistry and morphology. The one
of the most important characteristic of an evaporated thin film i.e. film thickness is often
controlled by a quartz crystal deposition rate monitor (QCM) commonly used in situ and
a real-time deposition rate monitor for PVD processing. The major caution in using QCM
system is related to the calibration with actual deposition flux, probe placement, intrusion
of the probe into deposition chamber, temperature rise if the probe is not actively cooled
and also the calibration changes with residual film stress and adhesion to the probe face.
In this regard, sometimes the frequency change of QCM can be greater than the effect of
mass change and in the case when the deposited film had adsorbed gases or water vapors
between different cycles, the desorption process of these gases or vapors during deposition
can affect the calibration. Generally the vaporization source temperature is difficult to be
controlled and since the vaporization rate is temperature-dependent this makes a difficult
control of deposition rate by controlling source temperature. In molecular beam epitaxy
(MBE) deposition of thin films, the deposition rate is carefully controlled by the
temperature of a well-shielded Knudsen cell source using embedded thermocouples.
In vapor deposition technique the source of thin films contamination are the volatile
species that are present the material surface or on the bulk and that firstly vaporize during
source material heating. Generally this contamination can be controlled by a proper
handling of source material and also by the use of shutters. In evaporation process of
materials from a heating source there are observed different forms as “spits” in the form
of solidified globules of source material in deposited film and “comets” as bright molten
droplets found in the space between the source and the substrate [14]. Refractory metals
(e.g. W, Ta, Mo) generally used for resistive heaters are covered with oxides that volatilize
at temperatures lower than the vaporization temperature of most source materials and in
order to avoid this contamination the heater material is cleaned before using. The substrate
itself can bring a film contamination and that is why the substrates had to be prepared by
different chemical procedure or physical etching before deposition and also it has to be
carefully handled (e.g. stored in clean dedicated areas).
Finally, we conclude that the main advantages of vacuum deposition are: line-of-sight
deposition allows the use of pattern masks on the substrate; large-area sources can be used
for some materials (e.g. crucible for Al); high deposition rate can be obtained; relatively
easy monitoring of deposition rate, vaporization source can have the allotropic forms as:
powder, wire, chips, bands; vaporization source material of high purity is relatively
inexpensive; obtaining of high purity films from high purity material source by controlling
the contamination and from an economical point of view the evaporation technique is of
an inexpensive type.
Some disadvantages regarding the vacuum deposition are: poor surface coverage that
requires elaborate tooling and fixture; poor deposit uniformity over a large surface area as
a result of line-of-sight deposition characteristic; poor ability to deposit many alloys and
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compounds, high radiant heat loads during processing; poor utilization of vaporized
material; non-optimal film properties (presence of pinholes, columnar morphology,
residual stress), presence of few processing variable for film properties monitoring.
Molecular Beam Epitaxy (MBE) is viewed as one of the most sophisticated physical
vacuum deposition PVD processes. Generally, MBE is a technique applied in order to
deposit epitaxial films of semiconductors by a carefully control of vacuum deposition. In
MBE, the vacuum environment is better than 10-9 torr and the film material is deposited
from an accuracy rate-controlled vapor source (Knudsen-type source). MBE deposition
chamber contains a variety of analytical instruments for in situ analysis of as-grown layer
i.e. RHEED or LEED facilities. In MBE can also be used gases or vaporized metalorganic
compounds, generally the molecular species are decomposed on a hot substrate surface
and provides film material. This technique is recommended in the low temperature thin
semiconductor compounds layer formation with low defect concentration.
In this work are presented different characteristics of vacuum deposited thin metal films
as they were putted into evidence by appropriate analysing techniques such as: X-ray
Photoelectron Spectroscopy (XPS), Atomic Force Microscopy (AFM), Scanning Electron
Microscopy (SEM), Rutherford Backscattering Spectroscopy (RBS), Low Energy
Electron Diffraction (LEED) coupled with an electrical characterization on dedicated
set-up (for ohmic and Schottky contacts). The investigation on metal films deposited on
III-V compounds e.g. GaAs, GaSb includes different systems of metallic layers such as:
AuGeNi, InGeNi, PdGeAu, Ag, Pd, Au-Cr, Ni, Ti, or Au-Ti.
5.3.2. Few Dedicated Characterization Techniques
XPS is a sensitive quantitative spectroscopic technique generally used in the detection of
all elements that are present on a surface of a material as-received or exposed to different
chemical or physical treatments. The presence of native oxides (e.g. GaAs, GaSb) with a
structure and a well-defined composition is analysed by Angle-resolved XPS (ARXPS) in
a XPS SPECS system. In XPS analysis each element is characterised by a set of XPS
peaks at a specific binding energy values that directly identify the element which presence
is inside or on the surface of the as analysed material. The characteristic spectral peaks of
an element corresponds to its electron configuration in the atoms, e.g. 1s, 2p, 2p, 3s, 3d,
etc. The number of detected electrons in each characteristic peaks is related to the amount
of element within the analysed XPS sampling volume by the intensity of XPS line
thorough the peak area. In order to obtain atomic percentages values, for different
elements the as-recorded XPS signal must be corrected by dividing each element signal
intensity by a relative sensitivity factor (RSF), and normalized over all the elements
detected (except hydrogen that is not detected). For an accuracy accounting of the number
of electrons, that means during acquisition of spectrum with a minimum of error, the XPS
detectors has to operate under ultra-high vacuum (UHV) conditions (p ~10-9 torr) because
the electron counting detectors in XPS instruments are typically one meter away from the
material irradiated with X-rays. In this work, the XPS recorded spectra were obtained in
a SPECS Spectrometer based on a Phoibos analyser with monochromatic X-rays emitted
by an anti-cathode of Al (1486.7 eV). The hemispherical analyzer operated in the constant
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energy mode with a pass energy of 5 eV, giving an energy resolution of 0.4 eV, which
was established as FWHM (full width half maximum) of the Ag 3d 5/2 peak. The analysis
chamber was maintained as specified at ultrahigh vacuum conditions (~10-9 torr). The
recorded spectra were processed using Spectral Data Processor v2.3 (SDP) software and
the good fit for experimental data is ensured by a specific ratio between a Lorentzian and
a Gaussian shape in the deconvolution of XPS peaks. The XPS measurements were carried
out at different TOA (take-off angles), where TOA is defined as well as its description in
the ASTM E 673-98 related to standard terminology regarding surface analysis. In this
perspective TOA represents the angle between the beam of emitted photoelectrons and
the sample surface. As regarding surface sensitivity, due to the fact that XPS detects only
those electrons that have actually escape from the sample into vacuum of the instrument,
and reach the detector it is to remark that these photo-emitted electron suffered different
interacting processes as: inelastic collisions, recombination, excitation of the sample,
recapture or trapping in various excited states within material and all these processes can
reduce the number of escaping photoelectrons. These effects are putted into evidence by
the exponential attenuation function as the depth increases, in the sense that the signals
detected from analysed element at the surface are stronger than the signals detected from
the same element deep under sample surface. In this regard the XPS signal has the
characteristic of an exponentially surface-weighted signal that can be used to estimate
different elements depths in layered materials. The main characteristic of XPS analysis
that is a surface-sensitive investigation technique can be used for the quantitative analysis
of as-received III-V semiconductor surfaces, e.g. on the structure of native oxides grown
on GaAs, GaSb, GaP wafers.
AFM is a powerful technique dedicated to the investigation the surface morphology of
materials at nanoscale level. AFM can image the sample surface topography with
extremely high – up to atomic – resolution comparable with SEM. The advantage of AFM
compared to SEM as surface analyzing technique is that the measurement is done in three
dimensions in normal environmental conditions. The vertical resolution can be on the
order of 10-10 m while the lateral resolution depends on the tip radius. The AFM operation
principle is based on force measurement between a small tip and a sample surface where
the tip placed at the end of a silicon cantilever can have a nominal radius of curvature at
the tip apex of 10-40 nm. It is stated that the high-resolution AFM images can be obtained
with cantilevers having an extremely sharp diamond-like carbon tip with typical curvature
radius of 1 nm [16]. The sample surface image is obtained by monitoring the bending of
the cantilever as it scans along topographic features. The cantilever displacements
measured by detecting the deflection of a laser beam that is reflected from the back side
of the cantilever is collected on a photodetector. The photodetector current output is used
to control the cantilever deflection by adjusting the height of the probe via
a piezoelectric actuator.
Depending on tip-sample separation during scanning three different modes of operation
exists: non-contact, intermittent contact and contact. Experimentally, was observed that
the contact mode, is the best mode for scanning hard and flat surfaces. In this study the
surface morphology and roughness of the samples were investigated by atomic force
microscopy using an MFP 3D SA, Asylum Research microscope operated in the
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intermittent contact mode under ambient atmosphere. The tip used had a radius of
curvature of 10 nm, spring constant k = 3.4 N/m and resonance frequency about 107 kHz.
RBS is an analytical technique used in materials science. The elemental composition of
thin metals layers were investigated by RBS using a 4He++ beam extracted from the
Alphatross ion source of the 3 MV Tandetron accelerator of IFIN-HH. The beam energy
was 3 MeV. The alpha particles were detected with a passivated ion implanted silicon
detector. The detector had an energy resolution of 16 keV and was placed at 1650 with
respect to the beam direction. The solid angle was 1.641 mSr. In order to avoid channeling
effects the sample was tilted at 70 with respect to the beam direction. The elemental
concentrations and the layer thickness were determined using code RUMP [14] by fitting
the RBS experimental spectrum of the sample. The RBS analysis was corroborated with
XPS data in obtaining the depth profile of different contact layers such as
AuGeNi/n-GaSb. The result of depth profiling clearly shows that Au, Ge and Ni are
uniformly distributed in matrix and an Au-Ga alloy, the immediately effect being the
presence of a good ohmic contact detected.
The performance and reliability of III-V semiconductor devices largely depends on
surface preparation techniques [17] i.e. on GaSb or GaAs surface reactivity that were
generally characterized by XPS, ARXPS, TEM, SE, AFM, CRDS techniques. In this
regard, is worth to say that for MIS type devices, the presence of a stable interface
containing a low density of electronic states around band-gap is essential for device
operating. In this perspective is studied Au/oxide/GaSb Schottky contact or
Al/GaAs/InGeNi and Ti/GaAs/InGeNi X-ray active Schottky barriers. At this
experimentally level state, the study of deposited thin metal films on III-V semiconductor
compounds is of interest in the frame of controlling the surface wafer preparation and
processing in order to develop a competitive technology for device applications.

5.4. Ohmic Contacts Thin Films Deposited on III-V Semiconductor
Compounds
5.4.1. AuGeNi Deposited on n-GaAs(110) and on n-GaSb(100)
Gallium arsenide (GaAs) a zinc-blende structure semiconductor material (a ~ 5.653 Å)
has been considered for a long time as one of the most important semiconductors besides
Silicon (Si) due its intrinsic properties as: direct energy gap (Eg= 1.424 eV at T= 300 K)
coupled with a band structure that includes energy separation between Γ and L valleys
EΓL = 0.29 eV and energy separation between Γ and X valleys EΓX = 0.48 eV; a higher
carriers mobility (µe ≤ 8500 cm2V-1sec-1, µh ≤ 400 cm2V-1sec-1 at T = 300 K), coupled with
high power and operating temperature. This characteristic recommend GaAs as substrate
material for different semiconductor devices as: IR light-emitting diodes, pulsed IR laser
diodes operating at room temperature, laser diodes operating in continuous wave, solar
cells, generally speaking optoelectronic devices and high frequency devices as: Gunn
diodes or High electron mobility transistors (HEMT).In this regard one key element in
GaAs devices technology is the obtaining of high quality and good reliability ohmic
contacts due to the fact that the surface of this compound is often covered with a
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chemically unstable oxide layer. Developed on a trial-and-error basis, the AuGeNi alloyed
ohmic contacts remain one of the most widely used for n-GaAs devices manufacturing. Is
to be said that this metallization system is characterized by low contact resistance, good
thermal stability both during device fabrication and device operation, strong adhesion,
low metal sheet resistance [3]. In AuGeNi system, Au acts as a base metal whose is to
promote Ga vacancies in n-GaAs due to the high solubility of Ga in Au. The Ge action is
that of a dopant element where its diffusing into the lattice sites vacated by Ga is creating
a highly doped n-type intermediate semiconductor layer that allows a tunneling
mechanism in charged carriers dynamic determining an ohmic behavior. It was pointed
[4] that Ni acts is as a catalyst during the alloying procedure improving the uniformity,
thermal and mechanical stability and reduction of surface roughness. Generally, the
quality of the contact is affected by diffusion and chemical reactions that take place during
alloying, through the processes of extensive interactions between chemical components
and n-GaAs substrate. In different device technology applications an important task is to
determine the chemical composition and inter-diffusion processes of metallic films at the
interface e.g. AuGeNi on n-GaAs.
The metal/GaAs samples were prepared for thermal evaporation of AuGeNi alloy
(Au84 %-Ge12 %-Ni4 %) from filament on an n-GaAs(110) cleaved surface. The
84 %Au, 12 %Ge and 4 %Ni mass proportions translate to the nearest 65 %Au, 25 %Ge
and 10 %Ni atomic concentrations. This conversion is useful for the XPS technique since
in a XPS quantitative analysis there are measured atomic concentrations. The thickness of
the cleaved n-GaAs(110) wafer, thus the width of the deposited surface, was 1 mm, where
the cleavage prior metal evaporation was realized in a high vacuum chamber maintained
at 10-7 mbar. The deposition of AuGeNi was carried out on the cleaved edge of the wafer
with an estimated thickness of the metallic layer of 200 nm i.e.an usual value for n-GaAs
electronic devices. AuGeNi/n-GaAs(110) thin film was annealed at 430 °C for 5 minutes,
in a conventional furnace maintained at 10-2 mbar pressure. The chemical composition of
AuGeNi layer and each XPS measurements session has been followed by a 5 minutes Ar+
etching stage where the controlled plasma etching conduced to an AuGeNi/n-GaAs
depth profiling.
The AuGeNi/n-GaAs(110) was exposed to XPS analyzing before Ar+ion etching and have
been putted into evidence the presence of carbon and oxygen, beside smaller quantities of
Au and Ge, where the concentration of Ga was unexpectedly high, probably due to the
large time of thermal annealing that favors the Ga diffusion at the surface. As a result, in
the first layers, Ga is almost completely oxidized and also large amounts of oxide were
found in case of As and Ge. However, the metallic components of these last two elements
are much larger than that of Ga. In the same time, Au was found a metal state, while Ni
does not diffuse in the superficial layers of the sample. Initially, the sample exhibits large
quantities of adventitious carbon and oxygen at the surface with atomic concentrations of
22.4 % and 34 % respectively corresponding to C-C and C-H bonding located at
284.8 eV, another one located at higher binding energy (286.6 eV) corresponding to C-O
bonding and the last with a binding energy of 289.1 eV corresponds to more complex
bonds like O-C-O, C = O. The effect of ion etching is the disappearance of C signal after
two ion etching shots, being obviously that C does no longer exists at the surface. During
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etching, after the first sputtering session, only the peak associated with gallium oxide
remains visible and oxygen starts to gradual decrease and the metal-semiconductor
interface is found to be revealed after approximately 17 sputtering sessions. The bulk
metallic layer display is characterized by a mixture of Ga, As, Au, Ge and Ni. In Fig. 5.1
is presented the relative atomic concentrations of Au, Ge and Ni and as can be observed
all the three components have a constant behavior one relative to the others and the
homogeneity alloying state has been reached. In Fig. 5.2 is presented the depth profile of
AuGeNi layer together with the interface with the n-GaAs semiconductor.

Fig. 5.1. Relative atomic concentrations of Au, Ge and Ni within the layer; with solid line are
theoretical concentrations.

Fig. 5.2. Chemical composition of the deposited layer with an ohmic behavior.
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It can be observed that in the same time as concentration tends to grow steadily, the Ga
concentration varies in a different manner namely, it is greater in the first layer, than it
starts to decrease to a minimum of 35 % and afterwards is growing once more. This last
growing is explained through the decrease of Au concentration, an element that is more
aggressively removed from the surface by ion sputtering. This indicates that both Ni and
Ge diffuse deeper in the n-GaAs semiconductor. Ga is the main responsible for fixing the
oxygen deep in the layer’s structure and the most probably the oxidation of Ga occurs
during thermal annealing, and the presence of Gallium oxide is observable in the first third
of deposited layer’s thickness. The As element behaves constantly during the XPS
measurements and shows no other state than the metallic one in the sense that close to the
interface the binding energy of the As3d is 40.8 eV, corresponding to GaAs semiconductor
whereas in the layer the binding energy is 41,1 eV corresponding to a metallic state or
alloy [18]. Regarding Ge, this element behaves in the same manner as the other metals,
namely even after the first sputtering session, the oxide completely disappears i.e. Ge2O3
species (BE = 32.2 eV), remaining only the Ge metal component (BE = 29 eV). Generally,
during the measurements, Ge showed a steady stability in both binding energies and
FWHM of peak lines, and no other chemical components have been found for Ge [19].
The Ni signal was not experimentally putted into evidence in the first layers of the surface
and the absence of shake up satellites indicates once more that there is no Ni oxidized
present in the contact layer. The observance of enlarged peaks closed to the interface
indicates that a portion of Ni interacts directly with GaAs substrate in the semiconductor
“wetting“ process a dedicated part of Ni action. Is to be remarked that the presence of Ni
even at the interface is beneficial for the ohmic character of contacts in the sense that it
reduces the lateral diffusion of gold and holds the Au-Ge melt in intimate contact with
GaAs substrate during thermal annealing.
The Au presence is visible in XPS line from surface to the interface and the line is
composed by two peaks: one at 83.65 eV binding energy and the other one at an 84.8 eV
binding energy. The first peak is attributed to the metallic gold, while the second is
attributed to an alloy of Ga and Au [20]. As regarding the Au-Ga alloy that previously
investigated by high resolution XPS, in various relative proportions of Ga and Au, the
results indicated that the chemical shift of Au4f7/2 tends to increase with Ga proportion,
from 0.45 eV in α‐Au0.88Ga0.12, to 0.65 eV in β‐Au0.78Ga0.22, 0.95 eV in γ‐Au9Ga4,
1.25 eV for AuGa, and 1.55 eV for AuGa2 [20]. An as recorded chemical shift of 1.15 eV
found in our experiment [19] indicates a presence of more Au than Ga in the Au-Ga alloy.
The AuGeNi/n-GaAs(110) ohmic contact was obtained in a home-made in-situ device
dedicated for metallic deposition on cleaved semiconductor surfaces. As a result of depth
profiling of AuGeNi interface formed between this metallic layer and n-GaAs
semiconductor evaluated by XPS measurements and by the use of Ar+ ion sputtering
technique, it was stated that Au, Ge and Ni are uniformly distributed in the metallic layer.
The XPS measurements show that both Ga and As from GaAs diffuse to the surface, with
a more pronounced Ga diffusion. Although, the cleavage technique provides a
contaminants free GaAs interface (carbon and oxygen), it seems that there exist quantity
of oxygen in the first layers of the sample in the form of Ga2O3 that is removed after
20 minutes of Ar sputtering [19]. It was detected the formation of Au-Ga alloy, a
compound with a good impact over the quality of ohmic contacts. Regarding Ni and Ge,
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these elements have been detected both within the layer and at the interface and they are
present in the same proportions at the interface even after the Au concentration begins to
decrease, a fact that reveals the appropriate diffusion of Ge in the n-GaAs substrate and
the wetting of semiconductor surface by Ni [19].
In this period of modern semiconductor industry development, Gallium antimonide
(GaSb) is of special interest as a substrate material for device applications as: laser diodes
with low threshold voltage, photodetectors with high efficiency, high frequency devices
or to high efficiency thermophotovoltaic (TPV) cells [21]. GaSb is an III-V semiconductor
compound with zinc blende structure (a = 6.096 Å) and with an energy band gap
Eg = 0.726 eV (room temperature). It is worth to mention that the photovoltaic (PV)
structure GaAs/GaSb had set a record solar efficiency of 35 % [22] opening in this view
a new era for photovoltaic applications. Generally the fabrication of PV discrete devices
generally begins with defining the active structure by a Schottky photosensitive contact
or the growth of MBE (Molecular Beam Epitaxy) heteroepitaxial layers. One of the most
important part of fabrication procedure is the obtaining of low resistivity ohmic contacts
on broad area of photosensitive surface in order to realize a competitive serial resistance
(RS). For a PV device a good Rs assures an optimal fill factor (ff) related to an extended
spectral response of photocurrent (Iph). It was stated [5] that the problems related to the
formation of ohmic contacts on p or n-GaSb represent a technological skill considered in
general a real state-of-art in obtaining semiconductor devices, and that is why in this work,
we presented part of the investigation of the characteristics for Au/Ge/Ni nanometer
contact layers deposited on n-GaSb(100).
The n-GaSb(100) Te doped (n > 5•1017 cm-3) commercially available wafers were
prepared prior metal deposition by a solvent cleaning procedure coupled with chemical
etching at room temperature in HF:H2O (DIW-deionized water) and HCl:H2O (DIW) each
time for 10-15 seconds. Prior to chemical etching the as received wafers were subjected
to XPS measurements, an analysis that put into evidence the presence of surface native
oxides in a certain ratio of Ga2O3/Sb2O3 defining an overall roughness of 1.854 nm, where
the initial AFM image of GaSb wafer is presented in Fig. 5.3.

Fig. 5.3. Initial surface aspect of GaSb as a conglomerate of Ga and Sb oxides.
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Au/Ge/Ni contact layers were deposited on n-GaSb(100) in medium vacuum
(p ~ 8•10-5 torr) conditions using a HOCH VACUUM system and then AuGeNi thin film
was annealed in low vacuum (p ~ 7•10-2 torr) at relatively low temperature (T~ 300 0C)
for t = 3 min. The thickness of Au/Ge/Ni film was composed by: Au (138.6 nm)/Ge
(71.8 nm)/Ni (14.3 nm). The depth profiling measurement of AuGeNi contact was
obtained in SPECS system by XPS analysis after controlled plasma etching (Ar+ ions at
energy E = 3 keV, pressure p ~ 10-5 torr, ion current Iic = 10 µA) and it can be observed
in Fig. 5.4.
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Fig. 5.4. Depth profiling of AuGeNi deposited on n-GaSb –Variation of atomic percent
calculated from XPS measurements after ion beam etchings in the range (1-28) controlled
Ar+ beam actions.

As can be observed from the graphical representation, there exist a decrease of Au, Ge
and Ni signals starting from the top AuGeNi/GaSb to the deepness of GaSb wafer. The
prepared sample AuGeNi/n-GaSb(100) was also subjected to RBS analysis technique in
order to determine the surface profile of elemental composition, and the result is presented
in RBS spectrum from Fig. 5.5. The elemental concentrations and the layer thickness were
determined using the code RUMP [23, 24] by fitting the RBS experimental spectrum of
the sample. The result of the simulation is presented with continuous lines. The scattering
profile of Au appear at an energy of 2769 keV. The thickness was determined to be
1500×1015 at/cm2. The concentration of Au is increasing from 30 at.% to 70 at.% from the
surface to a depth of 500×1015 at/cm2. The depth profile of Ge is rather similar. The
concentration of Ge is also increasing from 15 at.% to 30 at.% from the surface to a depth
of 500×1015 at/cm2. Ni was present only in the first 500×1015 at/cm2 part of the layer, with
a decreasing concentration starting from 55 down to 15 at. %. The depth profile of
AuGeNi extracted from RBS analysis is presented in Fig. 5.6.
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Fig. 5.5. RBS spectrum of a AuGeNi deposited on n-GaSb substrate and a theoretical simulation
for the elements that are present in the sample.

Fig. 5.6. The depth profile of the Au, Ge and Ni determined by RBS.

The acting result of annealing procedure is presented in TEM images of Fig. 5.7(a, b),
where can be observed two processes: i) segregation of Ge and Ni inside AuGeNi film
and ii) aspect of GaSb surface with an outer layer enriched in Ga and a substrate enriched
in Sb. The elemental distribution of Au, Ge Ni from a cross-section SEM image can be
observed in Fig. 5.8. An accurate measurement on the elemental distribution at metal film
(i.e. AuGeNi)/semiconductor interface was realized in Glow Discharge Optical Emission
Spectroscopy (GDOES) analysis, the obtained image of the interface being presented in
Fig. 5.9. Is to be remarked that the characteristics of AuGeNi as an ohmic contact on
n-GaSb is putted into evidence by the experimental defining of a MBE Ni/GaSb Schottky
diode (Ni contact thickness ~2 nm), whose I-V characteristic had an accurate exponential
allure. The I-V characteristic of an AuGeNi/n-GaSb ohmic contact is presented in
Fig. 5.10 (R = 2.16 Ω).
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(a)

(b)

Fig. 5.7. (a) TEM image of AuGeNi layer; (b) Image in false colors composed by overlapping
the Ga, Sb, Au and Ni elemental maps.

Fig. 5.8. SEM image and elemental distribution on AuGeNi/GaSb interface.

Fig. 5.9. GDOES spectrum for interface zone- concentration variation for Au, Ge, Ni
and a signal for Sb oxide.
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Fig. 5.10. I-V characteristic of AuGeNi/n-GaSb(100) ohmic contact.

5.4.2. PdGeAu Deposited on n-GaSb(100)
As the AuGeNi alloyed ohmic contacts remain the most widely used for n-GaAs or GaSb
devices manufacturing due to as presented characteristics of AuGeNi system, however it
had to be said that the quality of the contact is affected by the diffusion and chemical
reactions that take place during alloying, by extensive interactions between chemical
components and n-GaAs substrate, for example. In this perspective, as it was remarked
[25] at least on GaAs based devices, together with the device dimensions decreasing, the
AuGeNi metallization system becomes inadequate for shallow-junction type devices, a
problem probably related to the formation of a low melting point β-AuGa phase that
conduced to a poor contact thermal stability. Among other possible metallization systems
that can offer a solution for obtaining good and stable ohmic contacts on III-V
semiconductors is the PdGe-based alloys developed by Marshall et al [26]. There have be
presented [27] some characteristics of PdGeAu metallization on Te doped n-GaSb(100),
as regarding depth profiling after annealing procedure and surface quality. As the
precedent case of AuGeNi metallization, prior metals deposition the n-GaSb wafer was
subjected to a cleaning procedure consisting in cleaning in organic solvents and then
chemical etching. The chemical etching steps were: 1) HF:H2O (DIW) (1:1) (t ~ 15 sec);
2) rinsing DIW; 3) HCl: H2O (DIW) (1:1); 4) rinsing DIW. Chemical etching effect as it
was stated is the removing of native oxides from GaSb that are present on the surface in
certain of Ga2O3 and Sb2O3 ratio as exposed [28].The Pd/Ge/Au layers were vacuum
deposited in medium conditions (p ~ 5.6•10-5 torr) from a W boat (I ~ 120 ÷ 150 A,
t ~ 60 sec, and the thickness of metal deposition was: Pd(~ 30 nm)/Ge (~ 60 nm)/Au
(~40 nm) and for annealing procedure the characteristics were: T = 250 0C, t ~ 10 min in
low vacuum (p = 6•10-2 torr). The AFM images presented in Fig. 5.11 indicates an uniform
surface metallic congestion of metal particles dimensions with no significant changing in
morphological aspect of the samples after thermal treatment.
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Fig. 5.11. AFM image of PdGeAu /n-GaSb after annealing.

The effect of annealing procedure can be observed in SEM cross-section analysis of
PdGeAu/GaSb. For the as-deposited PdGeAu film, the thickness is in a medium range of
190 nm with an patchy feature aspect and the annealing effect is observed in Fig. 5.12 as
identified in cross section by a thickness decreasing of PdGeAu layer (a medium value:
53 nm) as a result of metals diffusion process in GaSb wafer.

Fig. 5.12. SEM cross-section on PdGeAu/GaSb annealed sample.

The characteristics of the Pd/Ge/Au/n-GaSb deposited film was investigated by a
successively XPS analysis after controlled Ar+ ion sputtering sequences that conduced to
a concentration depth profiling of composed elements. The depth profiling result is
observed in Fig. 5.13, and the analysis indicates that Pd is in a so small quantity due to
the absence of Pd3p3/2 signal, the observed Ge signal indicates that Ge is present only in
metallic form in the inner layer in spite to the Ge 2p signal that indicates a strong oxidation
at the surface. The XPS spectrum of Au 4f indicates the same etching stages coupled with
an identical Au behavior in the entire deposited metallic layer and also, Au forms alloys
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with the other components. Is to be remarked that Au signal has an initially decrease and
then the signal intensity is increasing at the interface and annealing effect is Au migration
in the depth of deposited layer. Pd and Ge are respecting the deposition sequence i.e.
initially they are in a small quantity and then their concentration is increasing, Ge firstly,
and afterwards Pd and Ge are decreasing as the etching time is increasing. The surface
atomic composition indicates some benefic characteristics for PdGeAu ohmic contact,
namely: i)- Pd and Ge are forming stable alloys and their presence at the interface is
obviously and ii)- Ga is extracted from GaSb and generates Ga vacancies that can be
replaced by Ge and conducing in this way to the increasing of carriers numbers (i.e.
n+doping of GaSb). In this regard, the Au part is to extract the Ga from semiconductor
lattice and Ge part is to replace Ga a fact that conduced to n-doping the semiconductor an
effect of an utmost importance.
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Fig. 5.13. Evolution of atomic ratio of elements during controlled Ar+ ion sputtering.

5.4.3. Ag Deposited on p-GaSb(100)
Low resistance ohmic contacts essential for fabrication of GaAs or GaSb devices can be
viewed also in other systems as Ag-In-Ge/n-GaAs, In-Ag, Ge-Au-Ag, In-Ge-Ag on both
n and p-type GaAs, systems where this requirement is satisfied. The undoped p-type, LEC
GaSb(100), wafers were prepared prior Ag vacuum deposition by a cleaning procedure in
organic solvents followed by a chemical etching in same sequence as n-GaSb(100) i.e.
HF:H2O (DIW) for 15 sec and HCl:H2O (DIW) for 15 sec. The Ag thin film was vacuum
deposited at a medium pressure of p ~ 5.6•10-5 torr, from a Mo boat, at a current I ~ 70 A
for a deposition time t ~40 sec. The deposited Ag film was subjected to an annealing
procedure at T = 440 0C, for t ~10 min in low vacuum p ~ 6•10-2 torr. It was stated [29]
the contact resistance is highly dependent on the carrier concentration. Generally, the
carrier tunneling through finite potential contact barrier is dominant in current flow,
governing the contact resistance, even at room temperature. The Ag contact resistivity,
i.e. ρ ~ 10-5 Ωcm2 is one order of magnitude worse for AuGeNi/n-GaSb, and the
experimental procedure for obtaining Ag ohmic contacts is dedicated to p-doped layers as
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I (A)

p- doped (Zn) GaSb obtained by thermal diffusion or p-doped (Si+) GaSb obtained by ion
implantation. The contact resistance of Ag deposited on p-GaSb(100) had a
I-V characteristic as presented in Fig. 5.14.

Equation

y = a + b*x
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Fig. 5.14. I-V characteristics of Ag ohmic contact on p-GaSb(100),
S(contact area) = 4 mm2 , R = 10 Ω.

5.4.4. Pd Chemically Deposited on n-GaAs(100) and p-GaAs(100)
Palladium chemical deposition on n-GaAs is an alternative technique for contact
deposition, besides vacuum deposition or RF-sputtering. Palladium on GaAs is stated [30]
to be a class of a reactive interface initially obtained by Pd sublimation upon cleaned GaAs
substrate, an interface in which the unoccupied intrinsic surface semiconductor states are
apparently unaffected by metallization. Regarding the properties of Pd thin films the
general aspects of the kinetics for palladium chemical deposition reaction on n and p-type
GaAs is coupled with the adhesion properties of deposited films in the sense that adhesion
characteristic of as-deposited Pd film is compared with characteristics of usual ohmic
metallic contacts on GaAs as Au, Ag or Au-Ge obtained by vacuum deposition.
Palladium films were deposited on n-(100) GaAs (Te doped, c ~1018 cm-3) and p-GaAs (Si
doped, c ~1018 cm-3) substrates from an aqueous solution of PdCl2 at different
concentrations and reaction times. Before Pd deposition the GaAs wafers were subjected
to a cleaning procedure in organic solvents but GaAs wafers were not chemically etched.
It is worth to mention that the Pd film adherence is strongly dependent on the cleaning
procedure which should therefore be made as stringent as possible. For Pd deposition the
starting solution was: PdCl2: H2O (1.2 g/l) in HCl (37 %):(40 ml) and for other
concentrations the dilution method was used [31]. The formation of a Pd-GaAs compound
is activated by maintaining the bath at 50 0C and the mechanism of chemical reactions
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that conduced to the nucleation and growth of metallic palladium, starts with the activator
solution that contains HCl in excess in order to dissolve PdCl2 by complexing it to form
PdCl42-. The deposition of metallic Pd from this species occurs according to the reaction
[32] and Pd deposition on GaAs wafer is uniform indicating that the semiconductor
surface has a high density of nucleation sites where the Pd grains are generally randomly
oriented.
PdCl42-+ 2e- = Pd + 4Cl- (E0 = 0.62 V).

(5.3)

In this mechanism, the required electrons must be supplied by the substrate, and in the
case of GaAs the following reactions may proceed from right to left [32]:
Ga3+ + 3e- = Ga (E0 = -0.54 V),

(5.4)

HAsO2 + 3H+ + 3e- = As + 2H2O (E0 = 0.248 V),

(5.5)

H3AsO4 + 5H+ + 5e- = As + 4H2O (E0 = 0.377 V).

(5.6)

The E0 values indicate that both Ga and As may be oxidized by PdCl42-. Palladium will
deposit at the cathodic sites, while substrate oxidation (dissolution) will take place at the
anodic sites and chemical deposition involves the nucleation and growth as in a
conventional electrodeposition processes. The aspect of uniformly distribution of the very
small Pd grains observed on GaAs is indicating that nucleation is intensively promoted
GaAs substrate. The palladium films thickness has been established using an
interferometric method, with a Linnik type microscope at λ = 540 nm. The measurements
performed in a rectangular geometry defined by a photoresist mask for dividing
unprotected areas have been compared as order of magnitude with the ones obtained using
a α-step profiler. In this regard, Pd film thickness for reaction time in (20-100) sec range,
in conditions: c = 1.2 g/l T = 313 K has a linear dependence as related to the exposed
mechanism. Is to be remarked that for longer reaction times the chemical deposition act
is accompanied by the removing of Pd film due to the lack of adherence. Pd film thickness
dependence of PdCl2 solution concentration is presented in Fig. 5.15 (a) for n-GaAs and
Fig. 5.15(b) for p-GaAs in the deposition conditions: reaction temperature: T1 = 313 K
and T2 = 323 K; reaction time: t= 60 sec in connections with corresponding errors for
thickness measurement. The general trend is the linear dependence with PdCl2 solution
concentration with a noticeable difference as regarding the electric character of the
substrate, in the sense that is observed a more rapidly deposition rate reaction on n-GaAs
relative to p-GaAs. A possible explanation is that the n-GaAs substrate has an excess of
free electrons, that can be used in order to neutralize Pd2+ ions from the chloride solution,
so the deposition has the condition to increase with concentration. On the other hand on
the p-GaAs substrate there exists a lack of free electrons and according to reaction (5.3)
Pd2+ions neutralization is more efficient at low concentration of chloride solution, so the
general trend for Pd film thickness is a decreasing one with the observation that palladium
films thickness dependence on solution concentration is much weaker than in the case of
Au chemical deposition on GaAs [33].
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Fig. 5.15. (a) Pd film thickness vs. solution concentration for n-GaAs; (b) Pd films thickness
vs. solution concentration for p-GaAs.

The metal films adhesion on semiconductor substrate is one of critical factors for ohmic
or Schottky contacts in the sense that with an inadequate adhesion, the coating may detach
prematurely and consequently cause the mechanical failure of the contact. In this regard,
it is important to evaluate the adhesion characteristic between the deposited metal and the
substrate in a quantitative way [34]. Is to be said that the critical load measurement in
scratch test have been used in assessing adhesion in film/substrate systems [35]. Palladium
thin film adhesion measurement on GaAs has been performed using a mechanical method
[36] that consists in the action of a vertical force at the interface film/substrate. As it was
observed [35], the critical loads are strongly affected by various parameters such as
scratching speed, indenture tip radius, and film thickness. In the home-made analyzing
apparatus, the vertical force applied at the interface Pd/GaAs should have a maximum
value in point of the local removing of the film for a horizontal motion of the point in
which the load is applied. The vertical force is applied on a rounded point of sapphire
characterized by a curvature radius r. This force produces a plastic deformation in GaAs
substrate in a circle contact of radius a. The deformation depends on: substrate hardness
(H), vertical applied load (W) and circle contact (a = (W/π H)1/2). In horizontal motion for
rounded point it appeared a shearing force F that is tangent at deformed surface and is
depending on the normal pressure P (equal to hardness H) by the relation (5.7) where the
mechanical action is presented in Fig. 5.16 according to literature [36]:

F

aP
aH
(W / H ) 1/ 2 H


.
r 2  a 2 r 2  a 2 (r 2  (W / H ) 1/ 2 ) 1/ 2

(5.7)

This relation allowed to compute the shearing force F as a function of the vertical load W,
where the experimental dependence for vertical load W(g) versus palladium thickness
d(nm) curve is presented in Fig. 5.17, and as can be observed there exists a linear
decreasing for thin film adhesion as a function of the Pd deposited thickness. This aspect
can be explained by the existence of an internal strain in the deposited layer and we
consider that this behavior is strictly normal for a thin film as-deposited and without
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annealing, in the sense that as the film is thinner, its adherence on substrate is improved
(e.g. for the first time the ‘scotch tape test’ experimentally showed this behavior).

Fig. 5.16. Forces in lip indentation produced by rounded point.
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Fig. 5.17. Dependence of vertical rupture load versus Pd film thickness.

A comparison regarding the adhesion of chemical deposited Pd films on GaAs, with
results concerning the shearing force for metallization of GaAs substrate in case of
vacuum deposited metal films and alloys as: Au/GaAs, Ag/GaAs, Au-Ge/GaAs is
presented in Table 5.1, with indications related to film nature, substrate type, film
thickness, computed shearing force, deposition conditions and including annealing
procedure (usually at T = 763 K in low vacuum: (10-2-10-3) torr).
As can be observed, the calculated shearing force F for chemical deposited Pd/n- GaAs
has the same order of magnitude as the shearing force F in the case of vacuum as-deposited
Au/n-GaAs and Ag/n-GaAs films i.e. without annealing. An important increasing of the
computed shearing force F is putted into evidence in the case of vacuum deposited
Au/n-GaAs and Au-Ge/n-GaAs films that were subjected to an annealing procedure, due
to the reactivity of metals at annealing temperature. The adhesion data presented in
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Fig. 5.17 are related to a Pd film which thickness is in the experimental limit of
260 ± 20 nm, and the measured shearing force F in case of Pd/n-GaAs and Pd/p-GaAs are
in the same magnitude limit. The computed shearing force F in the frame of Eq. (5.7) is
related to GaAs hardness i.e. HB = 750 ± 40 Kg/mm2. As related to the ohmic character of
the chemical deposited Pd/GaAs films, there were experimentally recorded the series
resistance for solar cells of AlGaAs/GaAs devices with large active area of (0.5-1) cm2.
The series resistance were in the same (5-15) m range, as the results obtained in a
quasi-classical technology followed by our group, that involved a vacuum deposition
coupled with an electrochemical method to thicken the Ag-Zn/GaAs ohmic contact [37].
Palladium chemical deposition can be viewed as an alternative technique to obtain
contacts on GaAs, and the comparative results concerning the mechanically recorded
adhesion data on different metal thin films deposited on this semiconductor suggested a
similar behavior in the sense that as the deposited films are thinner, they have a large
bonding to substrate and as a consequence a better adherence.
Table 5.1. Comparative study for the adhesion of thin films deposited on GaAs substrate.
Film
Pd
Ag
Au
Au
Au-Ge

Substrate
GaAs
n
p
n
n
n
n

Thickness d(nm)
370  5
280  5
300  5
150  5
150  5
500  5

Shearing force
F (× 107 N/m2)
0.5  0.01
0.5  0.01
0.25  0.01
0.75  0.01
1.96  0.01
2.64  0.01

Remarks
Chemical
Chemical
Evaporated
Evaporated
Evaporated/annealed
Evaporated/annealed

5.4.5. InGeNi Deposited on GaAs(SI)(110) and n-GaSb(100)
InGeNi contacting scheme solution brings together advantages for low contact resistance
on III-V semiconductor compounds i.e.: formation of a new heavily doped intermediate
semiconductor layer at the interface and the existence of a low barrier height at contact
metals [4]. In this metallization system i.e. InGeNi/GaAs(SI)(110) it was stated [38] the
Ge role is to diffuse in the semiconductor layer providing donors to GaAs, Ni part is to
bring a thermal stability, surface smoothness in other words good mechanical properties
and regarding In behavior, it is worth to mention that at elevated temperatures
(T > 300 °C) a ternary compound namely InxGa1-xAs is developed the effect being the
appearance of a low energy barrier height at GaAs/metal interface.
In different metallization systems, the contact morphology is affected by: i) Diffusion
processes that appeared during deposition and thermal annealing; ii) Chemical reactions
through layer; iii) Presence of contaminants and of other chemical compounds presents
detected after etching treatments. Due to this problems, in order to overcome some of
shortcomings trails imposed by the classical metallic deposition, it was proposed [38] a
new way solution for InGeNi namely in-situ metallic evaporation on a clean GaAs(SI)
(Semi-Insulating)wafer obtained by cleavage in high vacuum prior to contact deposition
procedure. The GaAs(100) wafer used was a semi-insulating type semiconductor with a
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resistivity ρ > 107 Ωcm, for metallic deposition there have been considered In, Ge and Ni
ohmic contact and Al or Ti Schottky contact with specification that all the elements were
of high purity e.g. 4N for Ti and Ni and 5N for Ge and that together GaAs(SI) wafers were
provided on the market. The cleavage of GaAs substrate was realized in a home-made
device in high vacuum conditions with an alignment of cleaved edge perpendicular to the
evaporation sight. InGeNi were simultaneously deposited from a W boat in medium
pressure conditions p ~5•10-5 torr, and then the contact was subjected to annealing
procedure for t = 5 min. at T = 430-450 °C in low vacuum (p ~6•10-2 torr). Al or Ti
Schottky contacts were sequential deposited and another annealing procedure was applied
i.e. T = (370-400) °C t = 5 min. for Al, and T = (430-450) °C T = 5 min. for Ti. In
deposition technique the quantities of each metal were calculated for a desired thickness
of contact layer i.e. InGeNi:130 nm (60 nm In, 60 nm Ge and 10 nm Ni) and for Ti or Al
layers was 200 nm. Evaluation of electrical characteristics was performed on
InGeNi/GaAs/Ti and InGeNi/GaAs/Al device type detectors of S = 3×3 mm2 with two
deposited opposite edges.
The characteristics of InGeNi/GaAs contact were investigated by an XPS controlled Ar+
ion etching depth profiling in the as exposed analyzing conditions in case AuGeNi. The
etching rate was estimated at 20 Å/min, and a number of 12 etching sequences were
necessary until the metal/semiconductor interface was revealed. The XPS measurement
of as-deposited InGeNi surface revealed the presence of with adventitious carbon and
oxygen, and Ge, In, Ni, As and Ga. The total quantity of O and C exceeds 60 % of atoms
of the surface. The relative concentration of these elements are presented in Fig. 5.18. in
some conditions regarding quantitative analysis namely: i) XPS signal intensity arises
from a depth of ~10 nm, for this distance the calculation method assumes a chemical
uniformity, ii) 10 nm is also the thickness of the surface layer removed after each etching
session. In this regard, the computed concentrations values for the detected elements, are
not rigorously true.

Fig. 5.18. Relative atomic concentrations of In, Ge, Ni, Ga and As in the layer.
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The XPS recorded spectra putted into evidence a pronounced diffusion of Ga with a
benefic effect since Ge atoms will find unoccupied vacancies in the GaAs bulk. During
experiment, it was observed that carbon signal does not any longer occur in the deep layers
of the metallic deposition, while oxygen concentration will follow a gradient, decreasing
towards the interface. The oxygen is almost completely present as gallium oxide (Ga2O3)
and apparently the presence of gallium in the layer induce oxygen diffusion and most
likely it happens during the thermal annealing. On the other hand, on the surface
un-exposed to Ar+ ion etching, there exist considerable amounts of other elements oxides.
Regarding As signal, it was found [38] that As is present in a metallic state with a
concentration of 38.7 %, while As quantities in As2O3 and As2O5 are 39.1 and 22.2 %
respectively. Germanium is present in oxide no less than 40 % of Ge amount, the rest
being found in a metallic state. Indium is oxidized in a proportion of 30 %. Regarding Ni
signal is to be remarked that only Ni behaves as a metal during entire experiment. The
O1s XPS spectrum indicates both metallic oxides, the C-O and –OH chemical bonds and
also molecular absorbed oxygen and after the first two etching sessions, only the gallium
associated oxide remains visible in the spectra. Indium has a stable behavior and regarding
Ge oxides their XPS signal disappear immediately after first etching step. In order to
investigate the formation of InxGa1-xAs type compounds, in XPS measurement was
considered In4d spectral line. From literature [39-41], is observed that the binding energy
(BE) of In4d5/2 spectral line increases as x increases and reaches 17.4 eV for a pure InAs
compound, in this frame, in Fig. 5.19 are presented the experimental [38] measured
binding energies corresponding to In4d5/2 after each etching session. As can be observed,
towards the interface it was found the compound InxGa1-xAs with x value very close to 1,
and in these conditions is expected that reduction of Schottky height to practically 0 eV,
a result that facilitates a smooth current flow through the contact.

Fig. 5.19. Binding energies (BE) of In 4d5/2 spectral line within metallic layer.
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A further reduction of the contact resistance is attributed to Ge in the following sense: Ge
concentration is high at the surface but then begins to reduce and after the first etching Ge
is found exclusively in an alloyed metallic state. Towards the interface, near to Ge3d
spectrum line it appears a peak at a higher binding energy that could be attributed to
Ge2O3, however this peak is correlated to a loss peak of Ga. The Ge signal is present in
XPS analysis even after the last Ar+ ion etching session, that is why the assuming that
there is an intermediate semiconductor layer heavily n-doped right above the GaAs bulk
is correct. The formation of GeAs2 compound, that could induce higher contact resistance,
has been avoided due to maintenance of annealing temperature bellow 450 °C. The
binding energy of As3d peak is related to stable metallic state, with BE = 41.2 ± 0.1 eV
and a FWHM (Full Width at Half Maximum) around 1.65 eV. Generally, Ga/As ratio
tends to grow towards the interface, due to a preference of As atoms sputtering by Ar+
ions as it was experimentally putted into evidence [42, 43].
Regarding I-V characteristics is to be mentioned that two different types of Schottky
device were investigated, namely. InGeNi/GaAs(SI)/Ti and InGeNi/GaAs(SI)/Al. Due the
characteristics of semi-insulating GaAs is correct to assume that the thermionic emission
is the conduction mechanism. In thermionic emission conduction mechanism of Schottky
diodes, in order to extract the valuable electrical information i.e. ideality factor, Schottky
barrier height (ФB), series resistance (RS), it was applied the method proposed by Cheung
[44]. This method is specifically suitable for diodes with high series resistance and allows
to determinate the values of n, ФB and RS from a single I-V measurement where are
considered the Cheung functions:
dV
nkT

 IR s ,
d(ln I )
q
H (I )  V 

nkT
I
ln
,
q
AA *T 2

H ( I )  n Φ B  IR S .

(5.8)

(5.9)
(5.10)

For experimental interpretation the in-put data are Schottky diodes surface area
Richardson constant; in this experiment it was used a common value of Richardson
constant for GaAs i.e. A* = 8.6 A/cm2K2 is used and due to a logarithmic relation between
ФB and A*, there are small quantitative modifications relative to a large interval of
A*values. Since the GaAs(SI) substrate is highly resistive, it had to be taken into account
that the suppositions of theories and extrapolations applied to normal semiconductor
materials are not necessary applicable in case of semi-insulating materials [45], e.g. it is
accepted that the depletion region width in case of reverse bias is almost direct
proportional with the bias voltage, rather than with its square root; and even in forward
I-V characteristics, it is not implied a constant RS, but a rather RS = RS(I). In this regard,
due to Schottky barriers on GaAs(SI) substrate the Cheung functions, have been plotted
at small bias voltages i.e. maximum 3 V and assuming a constant RS, as can be observed
in Fig. 5.20(a, b) in case of Al/GaAs(SI)/InGeNi:
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Fig. 5.20. Cheung method applied to Al/GaAs(SI)/InGeNi device (a) dV/dln(I) = f(I)
and (b) H(I).

From Fig. 5.20(a) an ideality factor of n = 1.5 and a series resistance of RS = 340 MΩ were
determined and with these considerations from Fig. 5.20(b) it was measured the barrier
height, i.e. H = 0.83 eV, an usual value for GaAs Schottky contacts. In case of
Ti/GaAs/InGeNi Schottky device, the ideality factor is n = 2.1, the series resistance is
RS = 1.16 GΩ and the barrier height is found to be H = 0.85 eV. It is worth to mention that
based on these experimental data it was computed a resistivity ρ = (1.5∙107-4∙107) Ωcm
for GaAs semiconductor substrate, a value in concordance with manufacturer
specifications. The height barrier values indicate the absence of an interfacial layer and
the fact that the barrier chemical inhomogeneity has dominated the non-ideality behavior
of Schottky diode. In case of Ti/GaAs/InGeNi is expected for Ti to induce the formation
of a less ideal junction due to the appearance of a TiAs compound which affect the
electrical characteristics by degradation [16]. These Ti/GaAs(SI) and Al/GaAs(SI)
Schottky diodes were exposed to X-ray radiation flux from a Co X-ray tube and the
as-produced devices were active as can be observed in Fig. 5.21(a, b), an experimental
proof of the good electrical properties of Ohmic and Schottky contacts for structures that
are based on semi-insulating GaAs substrates.

Fig. 5.21. I-V characteristics of (a) Al/GaAs(SI)/InGeNi device; (b) Ti/GaAs(SI)/InGeNi in dark
and X-ray radiation.
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InGeNi metallization on n-GaSb(100) was studied as an alternative system active electric
contacting GaSb device technology. Contact deposition procedure had started by
then-GaSb(100) wafer preparation i.e. cleaning in organic solvents and controlled
chemical etching in HF:H2O (1:1) for t = 15 sec and HCl:H2O (1:1) for t = 15 sec. On the
n-GaSb(100) substrate (Te doped, ρ ~1017 cm-3), there were deposited by simultaneously
evaporation InGeNi (In: 60 nm, Ge: 60 nm, Ni : 10 nm) from a W boat in medium pressure
conditions (p ~7.4•10-5 torr), and afterwards the InGeNi contact was exposed to an
annealing procedure in low vacuum (p ~ 6•10-2 torr), for t 5 min, at a temperature
T = 430 °C. The characteristics of InGeNi metallization system have been studied by AFM
technique, SEM analysis, XPS controlled Ar+ ion etching i.e. providing a depth profile
and by the measurements of electrical properties in I-V characteristics. The InGeNi/GaSb
depth profiling was obtained after thermal treatment in a SPECS XPS system, with
as-mentioned characteristics: Ar+ ion beam gun of VG AG2 type, accelerating voltage
UE = 4 kV, focus voltage UF = 3 kV, ion beam current I = 70 µA, etching sessions of
t = 5 min, total numbers of etching sessions: 19. The XPS spectrum of InGeNi/GaSb initial
surface (sample before controlled etching) is presented in Fig. 5.22, where the XPS signals
are related to In4d (indicates a metallic state, BE: 16.46 eV, BE = 17.34 eV); Ga3d(BE:
18.70 eV → metallic sate; BE:20.12 eV → related to Ga2O3); Ge3d (BE:28.50 eV and
BE:29.10 eV → related to metallic state); Sb4d (BE: 30.88 eV, BE: 32.10 eV → related
to metallic state and BE:33.34 eV, BE: 34.77 eV → related to Sb2O3).
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Fig. 5.22. XPS spectrum of as-deposited InGeNi/GaSb(100).

The morphological effect of annealing can be observed in the AFM image of InGeNi
metallic layer from Fig. 5.23 and the general aspect is that of solid solution with different
cracks, as a result of surface alloying. The inner effect of inter-diffusion process can be
observed in the SEM cross-section elements mapping image of Fig. 5.24(a) and the
elements concentrations is putted into evidence in the EDS spectrum presented
in Fig. 5.24(b).
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Fig. 5.23. AFM image of InGeNi/GaSb after annealing procedure.

(a)

(b)
Fig. 5.24. SEM characterization of InGeNi/n-GaSb interface (a) MAP in cross-section
of InGeNi/GaSb interface (b) EDS spectrum recorded from InGeNi/GaSb.
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The InGeNi/n-GaSb(100) sample was subjected to a XPS controlled depth profiling and
the data regarding the 7-th etching session are presented in Fig. 5.25, with the specification
that the XP spectra were recorded from the inner area of InGeNi. It is observed that the
O1s line is missing, Sb3d in present in the metallic state, Ge2p is in metallic state, Ga2p
is in metallic state, In3d and In4d lines indicate only metallic state and Ni2p is
in metallic state.
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Fig. 5.25. XPS spectrum recorded after the 7-the Ar+ ion etching session.

In Fig. 5.26, there are presented data regarding the 13-th session of Ar+ ion etching, where
the XPS as-recorded data indicates that the elemental XPS signal is arisen from the
InGeNi/GaSb interface region. The XPS lines are related to In4d, Ga3d, Ge3d, Sb4d
indicates the presence of metallic state, and also the XPS spectra of Sb3d, Ga2p, In3d,
Ni2p indicates the presence of metallic state at these elements at interface. As a general
depth profiling information is to be remarked that the signals of O and C disappeared after
the first etching session and in the inner layer it is formed an alloy with large amounts of
Ga and Sb. Ge is present at the interface and its concentration abruptly decreases in the
inner InGeNi layer, Ni is uniformly distributed in the layer and as regarding In its
concentration has a more slowly decrease compared to Ge. After the 11-th Ar+ ion etching
it is observed the presence of a relatively uniform layer at the interface with GaSb
compound, a layer within the Ga and Sb concentration indicates that Sb is more easily
removed from the surface during Ar+ ion etching.
In Fig. 5.27 is presented the evolution of the as-mentioned elements concentration during,
namely the depth profiling for InGeNi/n-GaSb interface.
The electrical aspects putted into evidence in Fig. 5.28 by I-V measurements indicated the
presence of diode-like behavior with some characteristics i.e. in forward bias Vopen = 0.3
V and in reverse bias Vopen = 0.9 V.
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Fig. 5.26. XPS spectrum recorded after the 13-th Ar+ ion etching session.
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Fig. 5.27. Concentration evolution (depth profiling) at InGeNi/GaSb interface.
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Fig. 5.28. I-V characteristics of InGeNi/n-GaSb(100) structure.
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5.4.6. Au-Cr Deposited on n-GaAs(100)
Ohmic contacts in semiconductor devices had to be homogeneous and uniform in their
structure, with good thermal stability in order to avoid degradation due to electrodes and
bonding problems. From this point of view, our interest is related to the diffusion problems
in Au/Cr/GaAs contacts. It is known [46] that Au based contacts show a poor thermal
stability because during annealing the volatile V-components (As) out diffuse easily and
Au penetrates into the bulk. Regarding the interest in rapid thermal annealing (RTA) of
compound semiconductors, is to be remarked that in GaAs have been generated due to the
inherently short annealing times relative to conventional furnace annealing a less stringent
restrictions on the method for protecting the semiconductor surface from thermal
degradation [47].
The (100) GaAs wafers were prepared prior Cr, Au, and Au/Cr vacuum deposited contacts
by cleaning in organic solvents e.g.: C2HCl3, CH3COCH3 and CH3OH and chemical
etched in HCl:H2O(1:1). Cr and/or Au films were deposited on GaAs substrate by vacuum
deposition at medium pressure p ~6•10-5 torr followed by an annealing procedure. The
thicknesses of Cr films were recorded by the use of a quartz oscillator during metal
deposition; the Cr film thickness was monitored to be 400 Å. The Au films were projected
to have a thickness in (1000-4000) Å range. Rapid thermal annealing (RTA) procedure
used a standard furnace, at relatively low temperatures, i.e. upper limit 500 oC, in low
vacuum (10-4 torr). There were implied two sets of samples, annealed for 60 sec. at
temperatures of 400 oC and 500 oC.
The characterization technique implied RBS measurements that were conduced using a
Li++ beam, provided by the Van de Graaff tandem accelerator of NIPNE. An ordinary
backscattering set-up was used for the experiment. The backscattered particles were
detected with a passivated ion implanted silicon detector. The energy resolution for 7Li at
4 MeV was about 30 KeV. The backscattering angle was 145 o. The sample surface was
perpendicular to the beam direction. The beam spot was collimated down to 2 mm in
diameter. The scattering chamber was at around 510-6 torr. For the quantitative analysis
of the RBS spectra, we used the code RUMP [23]. From the analysis of the spectra, we
extracted information about Cr and Au layer thicknesses, and about the mass transport.
There are presented experimental data concerning the analysis of Cr/n-GaAs, Au/n-GaAs
and Au/Cr/n-GaAs samples non-annealed and annealed at 400 oC in vacuum, for
60 sec. RBS spectra for Au/GaAs samples, as deposited, and annealed at 400 oC,
respectively, are presented in Fig. 5.29 and Fig. 5.30 [48] The RBS spectrum in Fig. 5.30
clearly shows the transport of Au in the annealed sample. The peak near channel
600 corresponds to a concentration of Ga on the top surface of the Au layer in good
agreement with previously reported results [46, 49]. The Auger electron spectroscopy
(AES) spectra reported in [46] show that this surface layer is a thin Ga oxide layer. The
Au layer remains essentially intact during the annealing process. In the attempt to use our
RBS data for a quantitative analysis of the transport of Au in GaAs, Au transport is
assumed to be the result of a low temperature diffusion process, and in this regard it is
assumed a concentration profile of the form:
7
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 x2 
C  C0 exp  
.
 4 Dt 

(5.11)

Fig. 5.29. RBS spectrum from an as-deposited Au/GaAs sample. Also shown the RUMP
simulation, with continuous line.

Fig. 5.30. RBS spectrum from an Au/GaAs sample, annealed at 400 oC, for 60 sec. Also shown
the RUMP simulation, with continuous line.

which is the solution of the diffusion equation for the conditions of constant total mass,
for a thin film deposited on a semi-infinite substrate [46], where D (cm2/sec) is the
temperature dependent diffusion coefficient and t is the annealing time, in sec. The RUMP
code can compute the spectrum for diffusion profiles, by generating relatively fine layers
with a slowly varying composition for each layer, and as a consequence RUMP code was
used to determine the diffusion coefficient e.g. it was obtained a value of
D  1  1012 cm2/sec for the diffusion coefficient at 400 oC. It is remarked that this result
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compare favorably with those previously reported for the Au/GaAs system, as will be
discussed i.e. as is well known, the temperature dependence of the diffusion coefficient is
given by:
 Q 
D  T   D 0 exp  
.
 kT 

(5.12)

In the case of following values D0 = 10-11 cm2/sec, Q = 0.27 eV from reference [46], is
obtained the value of D = 0.9510-12 cm2/sec. for diffusion coefficient at 400 oC. The values
for D0 and Q have been obtained in reference [46] as a result of a fit, using equation (5.12)
and the data reported in reference [46] for five diffusion coefficients and the four of the
five coefficients were measured for the AuGe/GaAs system, while the fifth was
determined for the Au/GaAs system. If there are used the values D0 = 8.910-9 cm2/sec,
Q = 0.65 eV, obtained in reference [46] (as a result of a least squares fit of the data of
diffusion coefficients measured by RBS using equation (5.12)), it is obtained the value of
D = 1.210-13 cm2/sec for the diffusion coefficient at 400 oC. It is worth to mention that in
reference [46], the RBS spectra were analyzed using the “dilute alloy” approximation,, an
approximation that neglects the influence of the Au distribution in GaAs substrate on the
stopping cross sections, a fact that could give errors for assigned depth scale and for the
Au concentration in the substrate. Regarding the data of RBS spectra for an as-deposited
Cr/GaAs sample, and the same sample after a 400 oC, 60 sec. is remarked no detectable
difference between the two spectra, and as a conclusion, the thermal stability of the
Cr/GaAs interface contrasts with the low thermal stability of the Au/GaAs contact [48].
In Fig. 5.31 and Fig. 5.32 are presented RBS spectra of an as deposited Au/Cr/GaAs
sample, and of the same sample after 400 oC, 60 sec. anneal, the general observation is
that it was not observed Au or Ga or As mass transport, with the specification that Cr layer
deposited on GaAs surface acts as a diffusion barrier for both Ga and Au.

Fig. 5.31. RBS spectrum from an as-deposited Au/Cr/GaAs sample. Also shown the RUMP
simulation, with continuous line.
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Fig. 5.32. RBS spectrum from an Au/Cr/GaAs sample, annealed at 400 oC, for 60 sec. Also
shown the RUMP simulation, with continuous line.

5.5. Schottky Contacts Thin Films Deposited on III-V Semiconductor
Compounds
5.5.1. Au-Ti /GaAs(SI)(100)
Energetic considerations indicate that the interfaces of transition metals (as Ti) on GaAs
should be very reactive [50] and in this regard, is argued that the formation of a stable
interface compound should prevent inter-diffusion and thus it result an abrupt interfaces
[50]. The XPS analysis performed on GaAs substrates as in literature [5] shows that the
chemical etched GaAs is covered by a 10 Å thick surface layer of native oxide (a mixture
of Ga2O3 and As2O3). Titanium is commonly used as a gate metal in the fabrication of
GaAs field-effect transistors (FET) conducing to a technological importance for
Ti/oxidized GaAs interface. The Au-Ti film was deposited by thermal evaporation both
in high vacuum conditions and low vacuum chamber, followed by a RTA procedure. It is
already stated [50] that the chemical reaction between Ti and the substrate is putted into
evidence in Ga 3d XPS spectrum for coverage as low as 0.07 Å, i.e. Ti is localized at the
chemisorption site and the reminder of the surface is unperturbed [50]. At a higher
covering, a well-defined Ga environment is present and this result suggests the presence
of either small metallic Ga clusters or more likely a Ga-Ti alloy. Also, for Ti coverage
over ~1 Å there are present strong interactions Ti-As and near the surface there exists a
Ga and As disrupted layer in addition to Ti which lies on the top of GaAs [50]. Titanium
can form intermetallic compounds with Ga and As.
The semiconductor samples used in this experiment were GaAs(100) uniformly doped
with Cr (compensated)with a resistivity  ~ 106-107 Ω cm (semi-insulating type). Also, as
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comparison it has been used in the same contact deposition technology the n-GaAs(111)
samples. Prior to metal deposition, GaAs was cleaned in organic solvents and then, the
wafer of GaAs(100) was chemical etched in HCl (sol.6N) for 2 min, in a solution mixture
H2SO4:H2O2:H2O volume ratios: (3:1:1) for 2 min. and at last in HCl (sol. 6N) for 15 sec.
The Schottky barrier interfaces Au-Ti were initially formed by vacuum deposition in low
vacuum, p=4•10-5 torr, evaporation from a W boat, in a evaporation geometry RAu = 5 cm,
RTi = 5 cm, resulting an initial thickness of Au-Ti film of: 200 nm(Au)-100 nm(Ti)).
Au-Ti contact metal was annealed for 1 min at T = 360 ○C, in low vacuum
p ~1.5•10-1 atm, conditions that defined a RTA procedure. Taking into account the
as-recorded results of I-V characteristics it results the conditions of a Schottky barrier
interface formed under controlled conditions in an (XPS) system that consists of a
VG ESCA MK II electron spectrometer combined with a UHV preparation chamber. The
GaAs(SI) substrates were prepared by Ar+ ion etching U = 6 KV for t = 10 min, at a current
beam I = 170 μA and afterwards Ti was deposited from a metal source in high vacuum
conditions (10-7-10-8 torr). The Au film with 200 nm thickness was deposited in medium
vacuum (p ~6•10-5 torr), and the Au-Ti/GaAs (M/S) interface was formed by annealing in
a RTA procedure. Low resistance ohmic contact Au-Ge/GaAs (SI) was formed also under
controlled conditions in a XPS system from an eutectic alloy (Au-13 % wt Ge) band. After
Au-Ge the deposition it follows a thermal treatment for 1 min at 430-450 ○C in low
vacuum (1.5•10-1 atm). In Fig. 5.33 [52] is presented the I-V characteristics for an Au-Ti
Schottky diode on GaAs: Cr(SI)(100) – Schottky diode with a small reverse current and a
breakdown voltage of approximately 100 V.
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Fig. 5.33. I-V characteristics AuTi/GaAs(SI) Schottky contact.

The recorded data were analyzed in the framework of the thermo-ionic diffusion model to
give the Schottky barrier height ΦB (in V):
j = jST(expqv/kT – 1),

(5.13)

where jST is the saturation current density, jST = A*T2(ΦB/kT) with A* Richardson constant
and ΦB-barrier voltage.
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For GaAs(100) in intense electric field and with a Richardson constant:
A* = 144 Acm-2K-2 [53] – the resulting barrier height after annealing is ΦB = 0.7325 V, a
result in accord with the mean value of Schottky barrier heights of about: (0.5-0.8) V for
p and n-type GaAs [4]. In Fig. 5.34(a, b) are presented the characteristic of
I-V measurements on GaAs (SI) with high Schottky surface contacts (~24 mm2) and low
surface Schottky contacts (~3 mm2), where the characteristics were recorded in dark in
UV radiation conditions and as a general remark the structure Au-Ti/GaAs/Au-Ge is
sensitive to electromagnetic field.
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Fig. 5.34. I-V characteristics of (a) Au-Ti/GaAs(SI)/AuGe for S = 24 mm2 and (b) for S = 3 mm2.

For the as prepared of Au/Ti/GaAs contact the Rutherford backscattering (RBS) spectrum
presented in Fig. 5.35 [54] exhibits an interface responsible for a weak signal arisen from
Au and Ti signal interfered with GaAs as a result of a weak diffusion process.

Fig. 5.35. RBS spectrum for Au/Ti/GaAs(SI) sample.
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The general aspect of as deposited Ti/GaAs(SI) thin film is presented in the SEM image
of Fig. 5.36 and as it can be observed the contact area is well defined and the Ti layer of
nanometer order, exhibits no interlayer diffusion process. The As and Ga atoms do not
penetrate the Ti layer during thermal treatment as presented in literature [55] i.e. in this
experiment the TiAs reaction compound do not appear.

Fig. 5.36. SEM image of Ti/GaAs interface.

In Fig. 5.37 is presented the histogram for composition ratios in Ti/Oxidized/GaAs as
resulted from XPS measurements for Ga3d, As3d, Ti2p signals recorded in three cases
i.e. (a) after chemical etching;(b) Ar+ ion etching t = 15 min; (c) Ar+ion etching t = 45 min.
It is remarked a constancy in As concentration after Ar+ ion etching, and a tendency for
increasing Ga concentration at the surface. The Ti concentration is increasing at the
surface from as deposited sample towards last Ar+ ion etching, the O concentration is
relatively constant for case (a) and (b) and is decreasing in the (c) case as the oxides on
the surface disappeared as an effect of ion etching.. Also, C concentration indicates a
decontamination of the surface due to Ar+ ion etching [56].
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Fig. 5.37. Histogram of Ti,C,O, Ga and As surface concentration ratio (a) after chemical etching
(b) Ar+ ion etching t = 15 min, (c) Ar+ ion etching t = 45 min.
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XPS measurements [56] at the as prepared Ti/oxidized GaAs interface, it is observed an
interface where the Ti signal arises in a 66 % proportion from TiO2. The Ti deposit is
fairly uniformly distributed and Ti initially strongly interacts with the GaAs(SI) substrate.
At surface the chemical reaction products with Ga and As are located at Ti/GaAs interface
or they are well dispersed in GaAs [51] and finally, in annealing process Ti reacts with As
and forms TiAs compound. As a conclusion, it is remarked that Titanium lies on the top
of GaAs and the chemical interaction between Ti and substrate suggests that Ti forms
intermetallic compounds with Ga and As, in other words, the interface Ti/GaAs due to
energetic considerations is a reactive one [50], and the formation of a stable interface
compound should prevent inter-diffusion and thus result an abrupt interface. The optical
response of the as-obtained Schottky diode was recorded in an optical set-up with a
monochromator, and a He-Ne laser at different power levels and also by the help of a Xe
lamp (with a power of P = 100 W continuously distributed). The spectral response was
recorded at an operating point on the reverse characteristic of Urev = -140 V, and
Urev = -100 V. The linear fit of experimental I-V data on Au-Ge/GaAs(SI) contact
presented in Fig. 5.38, is related to a good ohmic behaviour i.e. a technological interest
due to the new conditions used to obtain this contact.
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Fig. 5.38. I-V characteristic of Au-Ge/GaAs(SI) ohmic contact

In Fig. 5.39 is presented the I-V characteristics for Au-Ti/GaAs(SI)/AuGe Schottky device
[57] in dark and illuminated with a He-Ne laser (λ = 632.8 nm) at different power levels
(860, 500 μW). For the exposed structure the breakdown voltage is over VBD = -140 V
with a relatively high reverse current, with the observations: i) The I-V characteristics
allure do not change significantly under laser radiation field at different power levels;
ii) Forward current IF rises slowly with the voltage due to basic material resistivity;
iii) Reverse current IR is high and is slowly reduced under illumination.
The Schottky barrier height ΦB (in V) [7, 10] was: ΦB = kT/q ln(A**T2S/IS) where IS the
intercept of the log If vs. Vf plot, A** is the effective Richardson constant (assumed equal
to 8.4 Acm-2K-2 as in original papers [58, 60], S is the contact area (0.23 cm2 in DS 11
device), k is the Boltzmann constant and q the electronic charge. The computed
Ti/GaAs(SI)Schottky barrier height is 0.849 V in accord with reported data [59, 60]. The
172

Chapter 5. Characteristics of Metals Thin Film Deposition on III-V Semiconductor Compounds

barrier height over 0.84 V appeared as a result of an annealing procedure in a temperature
range over 300 °C [57]. In Fig. 5.40 is presented the spectral response of
Au-Ti/GaAs(SI)/AuGe diode versus the wavelength from 400 to 1200 nm, measured at
different temperatures, and at reverse bias VR = -140 V. It could be observed that the
spectral response has a maximum in ∆λ range (850-950) nm which corresponds to the
generation of photo-carriers due to a band-to-band direct transition, where spectral
response signal is slightly inhibited by the decrease of the temperature and the dark current
at a bias voltage of VR = -140 V is reduced. The optical transition at λ = 950 nm is related
to the carriers generated by a transition from a shallow donor level (0.12 eV under donor
band minimum). The dark current at an applied potential of Urev = -140 V is reduced, and
for the Schottky structure the electric noise is high and the signal intensity decreases with
the temperature decrease (see T = 24 °C and T = 14 °C) → this behaviour is attractive for
radiation detection.
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Fig. 5.39. Room-temperature I-V characteristics Au-Ti/GaAs(SI)/AuGe Schottky diode recorded
at different illumination levels.
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Fig. 5.40. Spectral response at different temperatures at operating point VR = -140 V.
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It is worth to mention that this attractive behaviour is the first step for a possible use of
Au-Ti/GaAs(SI)/AuGe Schottky barrier [57] as a room temperature X-ray detector. For
present moment there exist some open problems e.g. the low energetic resolution in order
to be used in spectroscopic applications and a major advantage is the low active volume
i.e. less than 1 mm2 for detectors on GaAs (SI) substrate. Temperature dependence for an
Au-Ti/GaAs(SI)/AuGe Schokky device presents a slightly increase at temperature
decrease in the range (296 ÷ 280) K for recorded signals in the range λ = (900 ÷ 950) nm
as presented in Fig. 5.41 [61]. The photo-current IPH is constant (in experimental limits)
in spectral range (700 ÷ 1100) nm with exception of λ = (900 ÷ 950) nm range. The
photo-current generation is related to a non-equilibrium phenomenon defined by a drift
and a diffusion part as it follows:
Jn(T) = n(T)μn eE + eDngrad (n(T)),

(5.14)

with a temperature dependence of carrier concentration that varies as an integral of
Boltzman distribution function (f0(E,T) ~ exp(-(E-F)/kT).
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Fig. 5.41. Temperature dependence of photo-current IPH for Au-Ti/GaAs(SI)/AuGe
Schottky structure.

The complex temperature dependence of non-equilibrium optical generated carriers as
observed in IPH dependence is probably related to effective state density at conduction
band-edge (in T3/2 term) and exponential distribution factor exp (-(E-F)/kT) [61].
The as-mentioned experimental structure i.e. Au-Ti/GaAs(SI)/AuGe was exposed to an
X-ray radiation field (EX = (10 ÷ 30) keV) at different reverse bias and the observed
photo-current signal is presented in Fig. 5.42.
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Fig. 5.42. X-ray response of Schottky structure Au-Ti/GaAs(SI)/AuGe.

5.5.2. Ni Deposited on n-GaSb(100), Au Deposited on n-GaSb(100), Ag Deposited
on n-GaSb(110)
The n-GaSb(100) surface is more reactive than GaAs [43] or GaP [62]. This surface
oxidizes rapidly under atmospheric conditions forming an oxide layer in the most part a
mixture of Ga2O3 and Sb2O3. Sb presence partially explains the high chemical reactivity
of the surface. There were established the experimental conditions in order to prepare a
clean surface of GaSb ready for carrying the ohmic contacts and Schottky barrier. In this
regard, in order to prepare n-GaSb(100) surface for Ni deposition contact, the best solution
to obtain a clean crystalline GaSb wafer with reproducible stoichiometry for stable
contacts was to complete a chemical etching with thermal treatment for oxide desorption
[28].The Sb/Ga stoichiometric ratio is practically restored on the sample surface after
200 °C. The chemical etching in a HCl:H2O2:C6H8O7 (citric acid) solution for etching time
t< 120 sec followed by thermal annealing in temperatures range t = (200 ÷ 250) °C can be
used as an appropriate substrate for good ohmic contacts. In Fig. 5.43 is presented the
AFM image of GaSb surface aspect during chemical etching and corroborated with XPS
data recorded on GaSb(100) surface in AFM image it does exist the correspondence:
Sb2O3 is related to dark part of grains and Ga2O3 is related to bright part of grains.

Fig. 5.43. AFM image of n-GaSb(100) after 90 s chemical etching.
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The Ar+ ion etching revealed an evolution of surface oxides during sputtering times with
different accelerating voltages. The stoichiometry has not been maintained after ionic
sputtering and chemical etching, while the images for sample surfaces show that the oxide
clusters remain and the roughness is high. Data regards the evolution of Ga/Sb ratio at
GaSb(100) surface during ion etching is presented in Fig. 5.44 (Ar+ ion sputtering action
on native oxides in the following conditions: C1 (Uacc = 5 kV, t1 = 3 min.);
C2 (Uacc = 1 kV, t2 = 3 min.); C3 (Uacc = 1 kV, t3 = 5 min.); C4 (Uacc = 2 kV, t4 = 10 min.).
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1.4
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Fig. 5.44. Surface oxides evolution on the as received GaSb(100) sample to the ion
sputtered surface.

In practice [43] for a Schottky barrier the thermal treatment temperature must be
T > 450 °C in order to obtain a clean reconstructed surface, as the one presented in
Fig. 5.45, a LEED image of crystalline reconstruction recorded at 80.3 eV energy at
normal incidence [28].

Fig. 5.45. The LEED image for 80.3 eV electron energy at normal incidence.
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On the as-prepared n-GaSb(100) surface by the Ar+ ion sputtering in order to remove the
native oxides, it was deposited by Molecular Beam Epitaxy (MBE) technique a Ni contact.
MBE deposition condition have been: p = 8.63•10-8 torr, t = 45 min, rate v = 1 Å/min. The
as-obtained I-V characteristics is presented in Fig. 5.46, where the characteristics of
Schottky device as viewed from the relation [44]:
dV
nkT

 IR s ,
d( ln I)
q

(5.15)

are ideality factor n = 2.5 for nkT/q = 2.5.
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Fig. 5.46. I-V characteristics of a MBE Ni/n-GaSb(100) Schottky diode (back side ohmic
contact is AuGeNi).

Au Schottky contact (Au ~700 Å) was vacuum deposited on a chemical cleaned
GaSb(100) surface in the following conditions: p ~5.6•10-5 torr, W boat, deposition
current I = (100 ÷ 120) A, deposition time t ~60 sec, annealing temperature
T ~150 °C, annealing time t ~3 min in hot air flux. The I-V characteristics of
Ni/n-GaSb(100) is presented in Fig. 5.47 and its ideality factor computed according to
Eq. (5.14) for kT/q = 0.026 (thermal potential at room temperature) was
n = 1.19 (nkT/q = 0.031 [44]).
Ag Schottky contact on n-GaSb(100) was vacuum deposited on a cleaved n-GaSb(110)
surface, and the results regarding I-V characteristics are presented in Fig. 5.48. The
ideality factor of Ag Schottky contact on n-GaSb(110) with a carrier concentration
n ~1017 cm-3 was obtained as: n = 1.15 ÷ 1.2 in accord with literature [63].
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Fig. 5.47. I-V characteristics of Au/n-GaSb(100) Schottky contact.
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Fig. 5.48. I-V characteristics of Ag/n-GaSb(110) Schottky contact.

5.6. Conclusions
The performance and reliability of III-V semiconductor devices largely depend on surface
preparation techniques e.g. GaAs or GaSb surface reactivity, that generally characterized
by XPS, ARXPS, TEM, SEM, AFM, Spectroscopic Ellipsometry (SE) or CRDS (Cavity
Ring-Down Spectroscopy) techniques. Gallium Arsenide and other III-V semiconductor
materials have been considered besides silicon, in microelectronics due to their attractive
electrical properties as: direct energy and wider bandgap, higher carrier mobility, high
power or operating temperature. In this view, a key element e.g. in GaAs and GaSb
devices technology consists in the obtaining of high quality ohmic and Schottky contacts
because the surface of these III-V compounds is covered with a native oxide layers.
Initially developed on a trial-and-error basis different metallization systems e.g. AuGeNi,
InGeNi, AuGe, PdGe, PdGeNi, AuCr, AuTi, or elemental contacts Au, Ag, Ni, Pd have
been studied in conventional contact formation procedure. This technological procedure
involves the deposition of a contact metal on the semiconductor followed by an annealing
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process at elevated temperatures with the role to enhance the chemical reaction between
metals and semiconductor, in order to reduce for example, the electrical voltage drop at
the contact metal and semiconductor interface e.g. in case of ohmic contacts. Generally,
for Schottky type devices, the presence of a stable interface containing a low density of
electronic states around band-gap is essential for device operating and in this perspective
have been AuTi/GaAs(SI) or Ti/GaAs(SI)/AuGe X-ray active Schottky barriers. The
Schottky contacts i.e. Ni/GaSb(100), Au/GaSb(100) or Ag/n-GaSb(110) can be viewed as
possible solution for active devices in GaSb base.
At this technological status, the deposition of thin metal films on III-V semiconductor
compounds are of interest due to the effort for controlling substrate surface preparation
and processing in order to develop a competitive technology for device applications.
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Approaches in Characterization
of Li1-xHxNbO3 Optical Waveguide Layers
Mariana Kuneva, Svetlen Tonchev and Rossen Gorgorov1

6.1. Introduction
The importance of lithium niobate - LiNbO3 (LN) as a material for optoelectronics and
the advantages of proton exchange technology for obtaining optical waveguides has
inspired many and detailed investigations of the dependence of their structures and optical
properties on technology conditions.
Being a synthetic ferroelectric crystal with very attractive properties for integrated optics,
LN is widely used in the field. Its importance for optoelectronics could be evaluated as
the one of Si for microelectronics [1]. It is due to the high electro-optical coefficients
(r33 = 30.5 pm/V), acousto-optical features, strong birefringence and nonlinearity,
excellent optical properties, suitability for industrial production, etc. LN belongs to the
trigonal crystal system. The unit cell consists of planar sheets of oxygen ions, situated
perpendicularly to the optical axis c. Oxygen ions from adjacent sheets form octahedral
interstices which are one-third filled by lithium ions, one-third filled by niobium ions and
one-third vacant (V), ordered in the +c direction in the sequence: Li-Nb-V. The large
number of vacancies favors the penetration of other ions, and their high mobility, together
with the high mobility of the crystal’s own metal ions, makes possible to change the
refractive index by modifying the crystal’s composition in regions where lightguiding is
required. All these features make LN a key material for photonics.
The application of LN in various devices such as electro-optical modulators, optical
parametric oscillators and photonic crystals requires a specific and sometimes complex
obtaining of thin layers, waveguides or substrate integrated waveguides. The design,
optimization and production of integrated-optical (IO) devices require knowledge of the
optical properties of waveguides and their relation to technological parameters. Although
IO devices are usually based on stripe waveguides, the studies of planar waveguides –
which are simpler in terms of linking technological parameters to optical properties –
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allow the modeling of parameters for obtaining waveguides for a specific application.
These studies have two directions: methods for obtaining (technology) and methods for
characterization and modeling (material science).
Proton exchange (PE) [2] is one of the most popular contemporary methods for optical
waveguide fabrication in LN by modification of the surface to suit waveguide application
in integrated optics. The PE technology has been widely developed since it allows fast
and easy formation of waveguides characterized by strong change in extraordinary
refractive index Δne (ne  0.12-0.15 at 0.633 m) and thus – strong waveguiding and
polarizing effect. Proton-exchanged LN (PELN) waveguides usually have step-like or
truncated-parabolic optical profile which could be controlled by variations in
technological process parameters. A significant advantage of PELN is the much smaller
sensitivity to optical damage in the visible range of spectrum compared to that of
Ti-indiffusion waveguides, giving the opportunity a large variety of sensor elements to be
created by PE [3-5]. PELN optical waveguides are bases for a lot of integrated optical
devices: modulators [6], switches [7], multiplexers and Y-splitters [8]. PE technology is
favored for applications where visible light is required and the restriction to the linear
polarization is not an obstacle. The fact that PE changes only the extraordinary refractive
index can be used to control polarization [9] and to create fundamentally new modulators
[10]. Devices which utilize optical waveguides obtained by proton exchange in LN can
work at higher optical power and lower wavelength than those obtained by thermal
diffusion of titanium in the same crystal.
PE goes by the scheme shown in Fig. 6.1 and modifies the surface layer (several m in
depth) by Li+-H+ ion exchange at a relatively low temperature (160 ÷ 250 oC) in acidic
media (melts or vapors). The melts of some organic and inorganic acids are suitable proton
sources (the most popular of them is benzoic acid). The highest values of Δne
(Δne = 0.14 at 0.633 μm) for PE performed in acids were obtained with phosphoric [11]
or cinnamic [12] acid melts. It is very important to control the value of x by choosing such
technological conditions or such level of substitution which would lead to weaker crystal
lattice deformations.

Fig. 6.1. Schematic presentation of the proton exchange process.
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The simplicity of the PE technology has motivated the attempts to adjust the technology
for producing high-quality waveguides. At the same time, the complicated phase
composition of the PE layers, determined by the degree of H+–Li+ substitution, has
oriented the main efforts since the emergence of the technology to the ways to control the
phase composition and to methods for waveguide phase characterization.
The phase composition of the Li1-xHxNbO3 layers formed by Li+-H+ ion exchange is
complex and depends on the hydrogen concentration. Up to seven different
crystallographic phases (α, κ1, κ2, β1, β2, β3 and β4) with strongly differing lattice
parameters could be obtained in PELN [13-15]. Each phase forms an individual sub-layer,
the one with the highest value of x being on the top, and phase jumps take place with
gradual change of x. In every single one of them ne is a linear function of proton
concentration. Within a phase transition, the value of Δne and/or of the deformations
perpendicular to the surface change by leaps. The number and the type of different phase
modifications in crystal solid solutions Li1-xHxNbO3, what actually is PELN, are
determined by the crystallographic orientation of the substrate and the rate of substitution
of Li+ by H+ (x). The concentration ranges of different phases are as follows:
α (x = 0-0.12),
κ1/κ2 (x = 1.13-0.34),
β1 (x = 0.35-0.44),
β2 (x = 0.45-0.52),
β3 (x = 0.53-0.64),
β4 (x = 0.65-0.76).
The problem of the phase composition and structure is very important since it determines
the electro-optical and photorefractive quality of the waveguides as well as their optical
quality. The complex phase composition could cause instabilities of the waveguide
parameters and deterioration of the electro-optical properties. PE layers may show
significant optical losses, instabilities and decrease of the electro-optical coefficient. Since
the emergence of the PE technology, the main effort has been directed to the study of the
phases co-existing in such waveguides and how the technological conditions affect their
formation. Recently, attempts were made to control the phase status of the waveguide
layers, by the use of new proton sources [16] or modifications of the technological regimes
[17]. This is why the methods for the phase content analysis of such layers are also actively
investigated.

6.2. Obtaining of PELN Layers
Three series of different crystallographic orientation – Z-cut, X-cut and Y-cut samples,
each series originated from the same bulk, were proton-exchanged under the technological
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conditions described in Table 6.1. The technology setups for PE in melts and in vapors
(PEV) have been described in details elsewhere [18].The stoichiometry of the bulk
(48.78 mol % Li2O corresponding to Li/Nb = 0.953) was determined experimentally by
extraordinary refractive index measurement at wavelength λ = 0.633 μm [19].
Beside benzoic and cinnamic acids, which are among the most popular proton sources,
ammonium hydrogen sulfate, NH4HSO4 and lithium hydrogen sulfate, LiHSO4 were used
as proton sources [20, 21], due to their relatively high acidity and boiling points. LiHSO4
allows PEV-process to be performed at lower vapor pressure and temperatures which
make it less aggressive compared to the immersion process (PE in melt).
Table 6.1. Technological and waveguide parameters of the proton-exchanged waveguides:
T is the temperature, t is the duration of the process (PE or annealing), M is the number
of waveguide modes at λ = 0.633 nm, Δne - extraordinary refractive index change, d is
the waveguide thickness.
Sample

T
(oC)

T
(h)

M

ne

d
(m)

Mode

IR

Z-1
Z-2
Z-3
Z-4
Z-7
ZN-1

LiHSO4 (vapors)
LiHSO4 (vapors)
LiHSO4 (vapors)
LiHSO4 (melt)
LiHSO4 (vapors)
NH4HSO4 (melt)

250
160
160
160
180
230

3.50
2.00
4.00
7.00
5.00
3.33

6
1*
1
1
1
9

0.1491
0.1529
0.1480
0.1463
0.1384
0.1508

2.66
0.18
0.28
0.33
0.54
2.47

1, 3, 4
i(i = 1-4)
1, 3
1, 3
1, 3
1, 3, 4

1, 3, 4, κ1/κ2 (α)
i (i = 1-4), κ1/κ2 (α)
1, 3, (4), κ1/κ2 (α)
1, 3, κ1/κ2 (α)
1, 3, (4), κ1/κ2 (α)
1, 3, 4, κ1/κ2 (α)

ZN-5

LiHSO4 (melt)

175

1.50

1

0.1222

0.62

1, 2, 3

1, 2, 3, κ1/κ2 (α)

X-2

LiHSO4 (vapors)

160

2.00

1

0.0999

0.37

1, 2

1, 3, κ1/κ2 (α)

X-3

LiHSO4 (vapors)

160

4.00

1

0.1234

0.52

1, 3

1, 3, κ1/κ2 (α)

X-4

LiHSO4 (vapors)

160

7.00

1

0.1090

0.70

1, 2

1, 3, κ1/κ2 (α)

Y-1

1)Benzoic acid
2) Air
3) Benzoic acid

230
350
230

0.50
1.00
0.17

3

0.1360

2.75

i(i = 1-3)
κ1/κ ()

i(i = 1-3),κ1/κ2 (α)

230

3.0

3

0.1134

1.56

1, k1/k2

, 1, κ1/κ2 (α)

230

7.0

4

0.1113

2,85

1, κ1/κ2

, 1, κ1/κ2 (α)

300
230

0.50
0.08

3

0.1410

1.52

i(i = 1-3)
κ1/κ2 ()

i(i = 1-3)
κ1/κ2 (α)

Y-2

Y-3

Y-4
*

Phase composition
(Spectroscopic evidence)

Sample
environment

Benzoic acid +
0.5% Lithium
benzoate
Benzoic acid
+ 1% Lithium
benzoate
1) Cinnamic acid
vapors
2) Cinnamic acid
melt

at λ = 0.458 nm

The phase composition shown in the two rightmost columns of Table 6.1 has been
determined based on the analysis of optical profiles and infrared (IR) absorption spectra
performed below (Part 3 and Part 4.1).
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It could be seen in the table that 5 different PE technology modifications have been used
for sample preparation: PE is the direct proton exchange in melt (samples Z-4, ZN-1,
ZN-5), BMPE is the PE in buffered melt (samplesY-2, Y-3), APEPE is the three-step
process – APE (PE with subsequent annealing) and additional PE as a third step (sample
Y-1), VPE is the PE in vapors (samples Z-1, Z-2, Z-3, Z-7, X-2, X-3, X-4), and VPEPE
is the three-step process – VPE with additional PE as a third step (sample Y-4).
It is impossible to produce waveguides in Y-cut LiNbO3 by direct PE only [22]. Fast
surface damage occurs before reaching the depth of protonated layer critical for
waveguide action. The different surface quality of X- Y- and Z-cut samples exchanged at
equal conditions could not be explained by the anisotropy of the diffusion coefficient
illustrated in Table 6.2. A comparison between the diffusion coefficients [23] for different
crystal orientations of LiNbO3 shows that Dx > Dy > Dz and the strong surface damage in
the case of Y-cut cannot be due to fast diffusion (no etching was observed when X-cut
samples were protonated at the same conditions). Most probably the strains arising in
Y-cut samples are higher than in the case of X-cut ones. As it was reported in [24], PE in
LiNbO3 leads to asymmetrical deformations of the crystal lattice most pronounced in the
case of Y-cut samples.
Table 6.2. Process and waveguide parameters vs. crystal orientation of PE LiNbO3 samples
(230 oC, 7 h, benzoic acid +1 % lithium benzoate): d is the waveguide thickness,
D is the diffusion coefficient, ∆ne is the extraordinary refractive index increase [23].
Crystal
orientation

d [μm]

D (230 oC)
[μm2/h]

∆ne

X

1.79

0.103

0.1149

Y

1.50

0.080

0.1114

Z

1.34

0.060

0.1102

6.3. Mode (m-line) Spectroscopy
Obtaining the mode spectrum is the main point of waveguide characterization. It implies
the measurement of the angles of different modes at the waveguide output and calculation
of the effective refractive index neff for each propagating mode.
Optical mode spectra (Fig. 6.2) of the waveguide samples were obtained by using the twoprism coupling method [25] in order to determine the effective mode indices at λ = 0.633
μm to a resolution of ~10-4. The inverse WKB method [26] was used for refractive index
profile reconstruction. Some measurements were performed at λ = 0.458 μm for cases of
single-mode at λ = 0.633 μm waveguides and the depth of the waveguide supporting two
modes at λ = 0.458 μm (LX-3) was evaluated by the Chartier and Jaussaud method [27]
assuming a step-like profile. Another approach in the case of single-mode waveguides
(X-3, ZN-5) includes mode spectra measurements in both air and water when the optical
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profile was reconstructed by solving the two-mode propagation equations for a step-like
optical profile. The reconstructed profiles of all samples are shown in Figs. 6.3,
6.4 and 6.5.

Fig. 6.2. Mode spectra of a multimode PELN waveguide layer (sample ZN-1).

Fig. 6.3. Optical profiles of Z-cut PELN
waveguides: PE waveguides (samples 3, 4, 5)
VPE waveguides (samples 1, 2, 6, 7).

Fig. 6.4. Optical profiles of X-cut PELN
(VPE) waveguides.

Fig. 6.5. Optical profiles of Y-cut PELN waveguides: BMPE waveguides (samples 2, 3);
APEPE waveguide (sample 1); VPEPE -waveguide (sample 4).

The profile shapes and maximal values of Δne allow a preliminary estimation of phase
content to be made according to the phase model [15, 28]. Since a slow cooling
(2 deg/min) was used after extracting the samples out of the protonating environment, no
metastable phases but only equilibrium ones were present in the layers examined.
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6.3.1. Z-cut Waveguides
It is useful to know that for the highly protonated β4- phase (0.65 ≤ x ≤ 0.76) the value of
Δne varies from 0.12 to 0.15 and that phase could exist only together with the β3- and
β1-phases of a lower value of x (0.53 ≤ x ≤ 0.65 for the β3-phase and 0.44 ≤ x ≤ 0.52 for
the β1-phase). When the value of Δne exceeds 0.12, it indicates that the βi-phase or phases
(i = 2-4) have been formed during the PE process [13].
Looking at the optical profiles in Fig. 6.3, it can be seen that Z-1 and ZN-1 have graded
refraction index profiles in the region from ∆ne = 0.15 to ∆ne = 0.12. According to [15],
these waveguides should contain the β4-phase which is characterized by a higher level of
proton doping for monocrystalline PE-LiNbO3. Since a β4-phase can exist only in Z-cut
proton exchanged sample and only together with the β3- and β1-phases of lower value of
x, the waveguides Z-1 and ZN-1 consist of at least three βi-phases: β1, β3 and β4.
The rest of the waveguides – Z-2, Z-3, Z-4, ZN-5 and Z-7 – are single-moded. They should
be in the β1, β1 + β2 or β1 + β3 + β4 phase, since the value of ∆ne exceeds 0.12, indicating
that a βi-phase or phases have been formed during the PE process [28].
The mode spectrum and the optical profile of the ZN-1-waveguide show some
peculiarities: the profile seems to be formed by superposition of two profiles of two
different waveguides obtained by two different mechanisms: a proton-exchanged one
(thinner, having high value of ∆ne) and an outdiffused one (deeper). The last three modes,
forming the “tail” in the optical profile, are typical outdiffused modes (very low losses,
low scattering in the plane of the waveguide, close-spaced modes in the spectrum with
effective mode indices close to that of the substrate). This way ∆ne changes gradually (as
in the case of α-phase waveguides obtained after annealing) making the transition between
strained PE layer and unstrained bulk material (substrate) gradual [23]. This fact could be
responsible for the relatively lower level of losses for that waveguide. A possible
mechanism explaining the origin of the outdiffused waveguide could be some reduction
processes due to the melt chosen:
2xNH4HSO4 + 2LiNbO3 → 2HxLi1-xNbO3 + 2xLi2SO4 + 2xNH4 + →
→ 2HxLi1-xNbO3-y + 2xLi2SO4 + 2xNH3↑ + (x-y)H2O.
6.3.2. X-cut Waveguides
All X-cut waveguides are single-moded and the optical profiles of these samples were
supposedly step-like. ∆ne for the whole X-series exceeds the value of 0.07 indicating that
βi-phase or phases have been created during the PE process. The phase composition of the
layer could be β1, β1 + β2 or β1 + β3 since the β4-phase cannot be formed in X-cut LiNbO3
[13]. The value of ∆ne = 0.1231 for X-3 indicates the presence of β3-phase [15] which can
be found only together with β1-phase. The lower values of Δne for X-2 and X-4 mean that
these layers could contain β1 or β1 + β2 phases.
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6.3.3. Y-cut Waveguides
Two phases could be formed in Y-cut substrates after annealing of the PE layer: κ1/κ2
(0.12 ≤ x ≤ 0.56). The presence of these phases usually affects the shape of the optical
profile causing more gradual transition to the substrate refractive index.
Y-1 has an optical profile which resembles the one of the κi-phases after annealing, but
the surprisingly high surface value of Δne = 0.1360 could not be attributed to the κ1/κ2
phases or even to coexistence of the β1 and κ1/κ2 phases. Since Y-1 is obtained by direct
proton exchange as a third technological step, it is quite possible that a phase or phases
with higher proton concentration are formed. The value of Δne = 0.1360 shows that β3
together with β1 and β2 could be present as well.
The optical parameters of Y-2 and Y-3 correspond to the coexistence of β1 and κ1/κ2
phases.
Y-2 has a steplike optical profile with a maximal index change of ne = 0.1134. Thus, that
waveguide should contain the β1-phase – the only one which could be obtained by
low-temperature direct proton exchange in Y-cut LiNbO3. This phase can be present alone
in the waveguide layer making it homogeneous [29]. Therefore, the optical parameters of
Y-2 correspond to the coexistence of the β1 and k1/k2 phases, formed due to the buffering
of the benzoic acid melt by lithium benzoate.
Y-3 has a graded refraction index profile with a maximal value of Δne = 0.1113. The
profile shape of Y-3 shows that the layer should consist of a β1-phase together with κ1/κ2
or α-phase which is due to the higher percent of lithium benzoate in the melt compared to
the case of Y-2.
The optical profile of sample Y-4 is similar to that of Y-1 with even higher value of Δne
(Δne = 0.14). The high degree of proton exchange confirmed by the surface refractive
index change indicates the presence of β3-phase, but βi-phases (i = 1-2) could also be
present. The first technological step in the formation of that waveguide could be
considered as proton exchange with simultaneous annealing, so α-phase and κ1/κ2 phases
should be formed in a relatively deep surface layer, preparing it that way for the next step
when stronger protonation takes place.
6.3.4. Optical Losses
The optical losses for each propagating mode were estimated as the ratio of input to output
intensities and are presented in Table 6.3. As it is seen, most waveguide modes have high
optical losses confirming the presence of more than one crystalline phase in the PE layer.
The interfaces of the phase sublayers cause losses when crossed by the propagating mode.
This is why in the cases of multimode waveguides; the losses are different for each
propagating mode. Thus, the higher optical losses could be explained by a turning point
situated under the interface between two phases with different lattice parameters, so that
the propagating mode meets this interface. The relatively low losses of samples Z-3 and
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X-2 could mean that they are single-phase layers, i.e. β1-phase layers since only β1 can
exist alone in the PE LiNbO3 [13]. A single-mode waveguide having a multiphase
structure should have the highest losses, since the propagating mode crosses all interfaces
of the sublayers formed by different phases. Indeed, the losses in ZN-5 and X-3
are the highest.
Table 6.3. Mode distribution of the optical losses for the multimode waveguides
(m is the mode number, ∆ne is the extraordinary index change).
Sample

m

∆ne

Losses
(dB/cm)

Z-1

0
1
2
3
4
5

0.1363
0.1187
0.1004
0.0827
0.0549
0.0290

~1
2-3
2-3
4-5
~7
˃10

ZN-1

0
1
2
3
4
5
6
7
8

0.1350
0.1154
0.0972
0.0730
0.0402
0.0062
0.0034
0.0008
0.0002

1-2
1-2
1-2
4-5
4-5
4-5
1-2
1-2
4-5

Y-2

0
1
2

0,1053
0,0803
0,0391

0.7-0.8
4-5
~ 10

6.3.5. Technology Remarks
The analysis of the phase composition performed allows the following considerations to
be made with regard to the technology modifications used: the APEPE process is
considerably shorter and allows obtaining waveguides with depth and Δne comparable to
those produced by BMPE but having lower losses. The results obtained might be
explained taking into account that the thickness of the PE layer is below 0.2 μm and this
way surface damage is avoided. According to [22], the surface of protonated Y-cut layers
thicker than 0.2 μm is etched in the case of direct PE. Since the diffusion in unbuffered
benzoic acid at 230 oC is fast, the value of x is probably high (βi-phase). As a result of the
annealing procedure, a reduction of the proton concentration takes place [30] until a state
corresponding to α-phase is reached (Δne = 0.02 [31]). As it is confirmed by the optical
profile shown in Fig. 6.5 (sample Y-1), a relatively large region of α-phase exists making
the transition between lattice parameters of the waveguiding layer and the substrate
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gradual. The high losses for the zero and the first order mode could be explained by
existence of k1 and k2 phases (Δne = 0.02 ÷ 0.07 and x = 0.11 ÷ 0.34 [31]) in the region of
propagation of these modes. According to [31] waveguides containing k1 and k2 phases
are characterized by high losses.
The α-phase sub-layer is preserved after the second PE. At the same time the gradual
introduction of strains in the depth of the crystal by short PE and subsequent annealing
makes possible the next PE to be performed in already perturbed lattice without drastic
introduction of deformations. The method described above can be considered as an
alternative to the one proposed in [32] which require much longer duration of treatment.
The results obtained by the VPEPE method are very similar to those of APEPE
waveguides but the procedure is faster and the Δne obtained is higher. It is reasonable to
consider the waveguide formation as a two step-process. The first step is characterized by
gradual introduction of lattice strains due to the slower diffusion in vapours. The second
step allows faster diffusion to be performed in the melt without drastic introduction
of strains.
BPME makes PE less intensive and allows deeper exchanged layers to be obtained without
surface damage by gradual introduction of lattice strains. Unfortunately, the quality of the
waveguides obtained is not quite good. Possible reason for the losses observed could be
an anomalous mode (TE-TM) conversion reported in [33] for the case of PE Y-cut
LiNbO3, when the value of the extraordinary refractive index of the exchanged layer is
close to that of the ordinary one (no = 2.28). Our opinion is, however, that the reason for
poor optical quality in the case considered could be mainly the high value of x
corresponding to the high value of Δne measured at such relatively low level of buffering
(≤1%). According to the phase model of crystalline proton-exchanged LiNbO3 [31], in
this case x is most probably near to the lower concentration boundary of ßi-phases,
corresponding to the coexistence of ß1 and ß2 phases.
The two-phase-state waveguide exhibits higher propagation losses due to the
inhomogeneity of the layer. Additional cause of losses could be a perturbed substrateexchanged layer interface since ßi -phases introduce substantial strains in the crystal lattice
[31]. Using a phase model for proton-exchanged powders of LiNbO3 [34], we can see that
Δne measured corresponds to value of x = 0.66 [35] which is at the upper boundary of the
concentration range of β3-phase. The deformation stresses arising on the perturbed
boundary between exchanged layer (βi-phase) and the substrate (α-phase) lead to
scattering and at the same time could be a factor contributing to eventual mode conversion
as the lattice parameters of α- and β-phases are different. So, a higher level of buffering is
necessary for producing layers in (α + β)- or α-phase (over 2.5 % according to [32]) or
additional annealing after PE in buffered melts. Both need long treatment and the Δne
obtained is lower.
6.3.6. Long-term Stability Analysis
Short-term and long-term stability of PE waveguides also depends on the phase
composition. The long-term stability is an important area of investigation since it
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determines the constant parameters of the integrated optical element or device. Thus, it
could be tested by comparison of the optical profiles of as-exchanged waveguides with
these after some period after waveguide fabrication. An example of such analysis is shown
in Fig. 6.6.

Fig. 6.6. Optical profiles reconstructed from the measured mode spectra
of as-exchanged samples (solid line) and after ten years (dashed line).

The optical profile of as-exchanged Y-1 is characteristic for waveguides consisting of
highly protonated βi-phases (i = 1-3) and a layer of α-phase or κ1/κ2 phases between them
and the substrate. After ten years Y-1 has an optical profile which resembles the one of
the κi-phases formed after annealing, but the surprisingly high surface value of Δne = 0.136
could be attributed to the βi (i = 1-3) phases.
Y-2 has a steplike optical profile with maximal index change of Δne = 0.11 which has
changed to 0.104 after ten years, the depth and the shape of profile remaining unchanged.
Thus, that waveguide has to contain the β1-phase – the only one which could be obtained
by low-temperature direct proton exchange in Y-cut LiNbO3 [22].
The profile shape of Y-3 changes from truncated after PE to graded after aging, keeping
a maximal value of Δne = 0.11. It should consist of β1-phase together with α-phase which
is due to the higher percent of lithium benzoate in the melt compared to the case of Y-2.
The optical profile of sample Y-4 is similar to that of the aged Y-1 with even higher value
of Δne (Δne = 0.14) and has been almost unaffected by aging. The high degree of proton
exchange confirmed by the surface refractive index change indicates the presence of
βi-phases (i = 1-3).
During aging, some redistribution probably has taken place between the coexisting phases
and the substrate which affects the waveguide depth and the optical field distribution and
smoothes the transition between the substrate and the waveguide. The quite different
193

Advances in Microelectronics: Reviews, Volume 2

shape of aged Y-1 compared to the shape of as-exchanged Y-1 could mean substantial
instability of the waveguide parameters. Most probably the as-exchanged Y-3 and aged
Y-1 had supported 4 modes, but due to the high optical losses in the inhomogeneous layers
or at the waveguide-substrate interface the last mode could not be measured.
The aging of proton-exchanged optical waveguides in LiNbO3 influences the depth and
the maximal value of the refractive index change increasing the former and decreasing the
latter. In most cases aging does not affect the area of the refractive index profile, i.e. the
quantity of protons, penetrated during the exchange, but their redistribution from the
highly protonated phases to the ones with lower proton concentration takes place. Thus,
the redistribution of protons during the aging affects the optical field distribution in the
PE waveguides, which in turn influences their parameters.

6.4. Vibration Spectroscopy
The substitutional modification induced by the incorporation through diffusion influences
the vibrations of the crystal lattice. The physical processes behind the phonons active in
vibration spectra are also the ones that determine the electro-optical and non-linear
dielectric properties of materials. Thus, vibration spectra provide information which
allows the characterization of PE layers regarding phase transitions, deformations of the
crystal lattice and change of the positions of ions in it.
6.4.1. IR Absorption for Phase Composition Analysis
Infrared spectroscopy has proved its ability to characterize PE layers in LiNbO3 since the
Li-H substitution dramatically increases the presence of hydroxil (OH) groups in the
exchanged layer [34]. IR absorption in the range of OH stretching vibrations
(2700-3700 cm-1) is very sensitive to H concentration in the crystal and is commonly used
for the detection and observation of the OH groups present in PE optical waveguides in
LN. The spectra show several strongly pronounced bands (at 3488 cm-1, 3500 cm-1,
3512 cm-1, 3250-3280 cm-1) which could be attributed to different phases forming the PE
layers and have been widely used for the estimation of the phase composition
[13, 20, 23, 36].
The structures of the surface layer and that of the underlying protonated region are
different. At higher values of x, OH groups near the surface are chaotically oriented,
indicating a great degree of disorder (amorphous state). They cause a wide unpolarized
band peaked at 3280 cm-1. It should also be noted that all peaks except of a large shoulder
at 3280 cm-1 are polarized, showing that OH bonds lay in the oxygen planes of the crystal
perpendicularly to the optical axis. The unpolarized band indicates the presence of
hydrogen in interstitial positions out of the oxygen planes, which usually occurs at a higher
level of doping. The lower frequency of the bonds implies higher mobility of their protons
which could deteriorate the waveguide properties. So, the presence or the absence of a
shoulder – wide unpolarized band at 3280 cm-1 in IR spectra – can serve as a criterion for
the optical properties of waveguides fabricated by PE. As it has been proved [37], after
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removal of the uppermost layer, the unpolarized band in the spectrum at 3280 cm−1
disappears, while the polarized band at 3500 cm−1, owing to the β1-phase, is preserved.
Therefore, in both α and β1 phases, the replacing hydrogen is found in the oxygen planes,
perpendicular to the optical axis, while in the more strongly protonated β2, β3 and β4
phases, the OH bonds are oriented chaotically.
IR absorption spectra of the samples examined were recorded in the range
2700-3700 cm-1 of the OH stretching modes, with FTIR spectrometer (Brucker
LFS-113 V) at 1 cm-1 resolution and are shown in Fig. 6.7.

(a)

(b)

(c)
Fig. 6.7. IR absorption spectra of the PELN samples: Z-series (a); X-series (b); Y-series (c).

A Gaussian-Lorentzian decomposition procedure was applied to them. The values of the
peak frequencies and integrated intensities of the spectral components resulting from the
decomposition are schematically presented in Fig. 6.8. Since the component due to the
substrate’s α-phase was extracted from the spectra after the deconvolution, only the
components of the layers’ spectra are present in the histograms. As it was found earlier
[37], the OH bands of protonated samples are very well fitted by Gaussian profiles.
Theoretically, this different behavior is not surprising since the vibration spectrum of a
disordered state as that of the protonated crystal is closely related to a Gaussian form.
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Fig. 6.8. IR absorption spectra deconvolution for LiNbO3 PE samples: schematic presentation
of frequency position and intensity of the components in spectra of Z-cut samples (a),
X-cut samples (b), and Y-cut samples (c).

OH spectrum of the bulk (X-sub, Z-sub and Y-sub) exhibits a polarized band centered at
3488 cm-1 which confirms the stoichiometry determined earlier: according to [38] LiNbO3
crystals having Li/Nb ratio of 0.953 exhibit peak at approximately 3486-3488 cm1
attributed as well to the α-phase HxLi1-xNbO3.
The OH spectra of waveguide layers also confirm the considerations made in Part 3. Most
of the spectra consist of a strong peak polarized perpendicularly to the Z-axis at about
3500 cm-1, attributed to the β1-phase and of a broad unpolarized band peaked at about
3250-3280 cm-1, attributed to the β2-, β3- and β4-phases [13]; κ1 and κ2 produce peaks
between 3488 cm-1 and 3500 cm-1 (intermediate values between the α-phase and
the β1-phase) and are spectroscopically undistinguishable. For the strongly protonated
samples, a fourth additional component begins to appear at about 3512 cm-1. This band
could be attributed to higher protonated β3/β4- phases. In all cases, the decomposition
shows that the area of the α-phase band increase after PE, and thus the α-phase has to be
added to the phase composition of all layers obtained in the present experiments. Since
this phase is situated between the substrate and the more strongly proton-exchanged layers
in some cases (a thin layer of the β1-phase over the α-phase, for example), it makes the
transition of the layer, strained by proton exchange, to the substrate more gradual,
preventing high losses at their interface. The phase composition of studied waveguide
layers estimated by IR absorption spectroscopy are shown in Table 6.1 together with the
one estimated by mode spectroscopy.
The percentage quotas of the phases, calculated on the base of the decomposition of IR
spectra, as well as the concept that each phase forms its own sublayer in the protonated
area, enable the approximate evaluation of the thicknesses of the phase sublayers. This is
facilitated by the thickness of the entire waveguide being known after reconstruction of
its optical profile based on mode spectra. The relative quotas of each of the spectral bands
calculated in % are shown in Table 6.4. The histograms show that all samples consist of
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different phase combinations, but the chosen technological regime influences the
thickness of sublayers formed by these phases. Thereby the evolution of the bands
assigned to different phases versus the variations in the technological parameters could be
followed. The contribution of the β4-phase is stronger in samples with higher ∆ne, i.e.
higher level of proton doping. The contribution of α/κ1/κ2 is stronger in samples obtained
at a regime including annealing (Y-1) or annealing-like step (Y-4). The contribution of β1
is stronger for samples obtained by direct proton exchange. The state of protonating media
(vapors or melt) reflects on the thickness of the sublayers: the α-phase forms much thicker
layer than β1, β3 and β4 when vapors are used instead of melt (Z-5, Z-7). Higher
temperature leads to formation of β4 and thicker β1 layer. Lower temperature results in
thicker α-layer (Z-1, Z-7). The increase of duration at low temperature leads to much
greater increase of the thickness of the β1 + β3 layer than of α one (X-2, X-3, X-4).
Table 6.4. Waveguide thicknesses d, the relative quotas (%) of IR spectral bands
and three-phase layer thicknesses ds.
IR band intensity [%]
Sample

d [μm]
3280 cm-1

3480 cm-1

3500 cm-1

3512 cm-1

ds(β2 + β3 + β4)
[μm]

Z-1

2.66

16.39

9.12

55.83

18.77

0.44

Z-2

0.18

27.33

11.65

25.54

35.39

0.05

Z-3

0.28

20.74

22.00

57.14

–

0.06

Z-4

0.33

18.48

21.75

59.89

–

0.06

Z-7

0.54

17.42

57.96

13.91

10.68

0.09

ZN-1

2.47

23.32

6.69

57.22

11.92

0.58

ZN-5

0.62

30.66

16.94

52.30

–

0.19

X-2

0.37

48.55

36.30

15.12

–

0.18

X-3

0.52

48.95

33.95

17.00

–

0.25

X-4

0.70

61.72

22.95

15.31

–

0.43

Y-1

2.75

0.20

58.11

23.89

17.84

0.55

Y-2

1.56

0.05

26.60

71.48

1.85

0.01

Y-3

2.85

0.08

15.53

69.44

1.76

0.03

Y-4

1.52

0.09

37.78

38.81

23.23

0.01

The deconvolution allows also some conclusions to be made about the rate of creation of
the different monophase sublayers. When LiHSO4 vapors at 160 oC are used for PEV in
Z-cut LiNbO3, the β1-phase is building up faster than the α-phase which remains almost
unchanged. It seems that this way monophase (β1-phase) waveguides could be prepared
by slight variations of temperature and duration. For X-cut samples the faster increase
demonstrates the large unpolarized shoulder at 3250 cm-1, confirming the presence of
β2- or β3-phases and showing that these two phases play considerable role in the creation
of the waveguiding layer at such technological conditions.
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The PE waveguide stability in time can be followed by IR spectra as well. The IR
absorption spectra of the Y-cut PELN series registered after the PE and 11 years later are
shown in Fig. 6.9. It was established that the behavior of integrated intensity in time is the
same as this of the Δne and IR spectra can be used for studying the stability of waveguide
parameters [39].

Fig. 6.9. Infrared absorption spectra of the as exchanged Y-cut samples (left)
and after 11 years (right).

The change in spectra components of the Y-cut PELN series due to aging is given below
(Fig. 6.10) where the evolution of the bands assigned to different phases could be followed
after spectra deconvolution. It is seen that aging duration influences most remarkably the
large band at 3250-3280 cm-1 which has completely disappeared after 11 years,
confirming the proton redistribution in the exchanged layer. This is probably due to the
diffusion of weaklier bonded protons from the βi-phases (i = 2-3) responsible for the
3250-3280 cm-1 centred band: these protons are supposed to occupy interstitial positions
in the lattice of PE LiNbO3. Thus, the contribution of the α-phase and κ1/κ2 phases
increases after aging, as does the contribution of the β1-band at 3500 cm-1. It could be seen
also that due to some proton redistribution in the exchanged layers of Y-1 and Y-4, the
relative contribution of βi (i = 1-3) decreases after the period of aging.

Fig. 6.10. Comparative scheme of frequency positions and intensities of the Gaussian OH
components of the IR spectra: as-exchanged samples (left) and after 11 years (right).

198

Chapter 6. Approaches in Characterization of Li1-xHxNbO3 Optical Waveguide Layers

6.4.2. Surface Phase Detection
The IR reflection spectroscopy of PELN [40, 41] provides direct information on the
phonon spectrum related to the structure and chemical bonds of the surface crystalline
phase. The use of reflection spectroscopy has a number of advantages due to the small
photometric depth of the surface layer at large angles of incidence (above 60 degrees). IR
reflection spectra show the strong changes caused by PE in the lattice vibration spectrum.
In some respects they could be more useful for studying layered structures like multiphase
PE layers than IR absorption spectra since each phase has its own reflection spectrum.
The determination of the type of the surface phase often allows the entire layer’s phase
composition to be found, especially in combination with other characterization methods.
IR reflection spectra (Fig. 6.11) were recorded with the same spectrometer as for the
absorption ones at angle of incidence  = 70° (measured from the normal to the surface).
Since the penetration depth depends on the angle of incidence, at smaller angles (closer to
the normal incidence) deeper penetration takes place and the spectra measurement is
affected by the presence of the various phases forming the waveguiding layer. It was
established [40] that at 70° the spectrum of the surface layer is separated from those of
deeper situated layers in multiphase guides. This way, in general only the surface phase
could contribute to the reflection spectra of multiphase waveguides and could be identified
by IR reflection spectrum. Furthermore, infrared reflection spectra could confirm the
phase composition and give some indications about the distribution of the different phases
within the proton-exchanged layers. As it was mentioned above, the phase with the highest
value of x is on top of the entire PELN layer. That is why the recognition of the top
sublayer’s phase in many cases could be used for some conclusions about the phases
building the rest of the whole layer or for the optical and electro-optical quality of the
optical waveguide. So, the information given by the analysis of the IR reflection spectra
helps us be much more specific when determining the phases which build the waveguide
layers investigated.

Fig. 6.11. Schematic sketch of IR reflection measurements.

The reflection spectra of PELN are strongly structured and differ substantially from the
spectrum of the as-grown crystal. The new bands appear at frequencies in the range of
700-1050 cm-1 which are absent in the cases of virgin or α-phase PELN, each phase having
its own spectrum. The analysis is more complicated than the one based on the IR
absorption spectra of PELN, and here not only the presence or absence of the definite
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band but also the intensity ratio of the bands building the spectrum has to be taken
into account.
According to [40] the characteristic changes are at 975 cm−1 for β1-phase, at 980 cm−1 for
β2 and β3 and at 970 cm−1 for β4. The new band at 890-985 cm–1 appears after PE in
addition to the lattice spectrum of LN. The low-frequency edges of the band correspond
to the TO (transverse optical) phonons of the NbO6 vibration mode. Less distorted NbO6
octahedra without any non-bridging oxygen ions are present in α, κ1 and κ2 phases, as well
as in pure LN. The appearance of weak extra bands in the region of IR reflection spectra
from 800 to 900 cm–1 for all βi phases suggests the presence of more distorted NbO6
octahedra with non-bridging oxygen ions. Each βi phase is marked by a very specific
lattice vibration spectrum with unique characteristic bands. A significant difference
between the crystalline structures of different βi phases exists, which is introduced by the
added chemical bonds with characteristic frequencies of vibration. This feature can be
used for accurate identification of βi phases in any HxLi1–xNbO3 waveguide.
The IR reflection spectra for three of the LN samples are presented in Fig. 6.12. Gaussian
deconvolution procedure (Fig. 6.13) was performed which allowed us to be more precise
when determining the peak frequency and estimating the relative quota of each of the
bands building the spectrum.

Fig. 6.12. Infrared reflection spectra measured at  = 70° for the Z-cut LiNbO3
proton-exchanged waveguides.

Looking at the spectra in Figs. 6.12 and 6.13 we could conclude that β1 phase is present
on top of sample ZN-5 while β4 phase forms the top of the waveguiding layers of samples
ZN-1 and Z-1, which are really strongly protonated. Also, it is seen that the spectrum of
ZN-5 is closest to the shape of the virgin sample (Z-ref), which suggests that the
contribution of the α-phase is larger than in the case of the other two samples. It could be
seen that Z-1 and ZN-1 have almost the same spectra, confirming their equal phase
composition determined by other methods, as it can be seen in Table 6.1.
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Fig. 6.13. Positions and relative intensities of the IR reflection spectral components after
deconvolution of the spectra in Fig. 6.12.

Surprisingly, in the case of the most weakly protonated waveguide (ZN-5), the reflection
spectrum indicates the presence of the β1 phase on the top. Therefore, the β2 and β3 phases
presumed to build the waveguide layer according to the phase analysis based on mode and
IR spectroscopy could not to present in the protonated layer. Another possibility is that
the layer is slightly “buried” although the technological conditions do not suggest such a
result.
The results of the IR reflection spectra analysis for the investigated PELN samples are
shown in the Table 6.5.
Table 6.5. Presumable phase composition by mode and IR absorption spectroscopy
and surface phase detected by IR reflection spectroscopy.
Sample
Z-1
ZN-1
ZN-5

Possible phase
composition
ß1, ß3, ß4
1,3,4, κ1/κ2
(α)
ß1, ß3, ß4
1,3,4, κ1/κ2
(α)
ß1, ß2, ß3
1, 2, 3, κ1/κ2
(α)

Surface
phase
ß4
ß4
ß1

201

Advances in Microelectronics: Reviews, Volume 2

Since the analysis based on mode and IR absorption spectroscopy suggests a particular
phase composition, where the most strongly protonated phase is at the surface of the
waveguide, the non-dominating components in the reflection spectra also could be
attributed to the presence of the definite phase. Thus, the phase-characteristic bands for
LiNbO3 are determined to be at:
965 cm–1 for both α- and κ1-phase;
955 cm–1 for κ2-phase;
975 cm–1 for β1-phase;
980 cm–1 for β2- and β3-phases;
970 cm–1 for β4-phase.

6.4.3. Phase Composition Analysis by Raman Spectroscopy
Raman (Ra) spectroscopy is a powerful tool for studying structural phase transitions in
solids. Raman scattering is among the few experimental techniques that can answer
questions concerning the phase state and phase transformations, deformations of the
crystal lattice, and changes in the atomic configurations. Since the selection rules for
Raman scattering depend on the dopant in the films, Raman spectroscopy could be used
as a probe of the phase state and hydrogen concentration in PELN layers. Proton exchange
influences both vibration modes in Ra spectra polarized along the Z-axis (A1(TO)) and
polarized along the X- or Y-axis (E(LO)). It causes intensity reduction of some of the bulk
lines, appearance of new ones and appearance of lattice disorder-induced broad bands. It
was shown that A1 Ra spectra are mostly affected by strains introduced by proton
incorporation [42], A1(TO) type being more expressive. A1(TO) were found to be
sensitive to changes in the sequence of cations and vacancies (Li + , Nb + , Vacancy, etc.)
along the Z-axis of the pure crystal [42]. Thus, The vibrations of type E(TO, LO) were
found to be sensitive to changes in O6-octahedra, i.e. they are influenced by larger amount
of dopants where not only the ordering along the optical axis is changed, but also a forced
incorporation of impurities into the vacant oxygen octahedra is expected to take place
[43]. With the development of integrated optics, it has become clear that the waveguide
Raman technique is unique in studying the properties of thin waveguide layers [44]. It
allows the spectral changes to be followed at different depths of the PE layer where
definite modes propagate.
The method of waveguide Raman spectroscopy was used and Ra spectra were recorded
by focusing the waveguide trace on the slit of a double monochromator (Fig. 6.14a). The
depth profiling of the PELN layer by Ra scattering was performed by moving the focused
laser beam from the substrate to the surface of the layer in approximately 0.5 μm steps
(Fig. 6.14b).
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(a)

(b)

Fig. 6.14. Waveguide Raman spectroscopy setup (a) and schematic presentation
of Ra profiling (b).

At the Raman scattering geometries used, the phonon spectrum of pure LiNbO3 consists
of four A1(TO)-phonons (at 254, 275, 332 and 632 cm-1), and seven E(TO)-phonons (at
152, 236, 263, 332, 370, 431 and 578 cm-1) [42]. Fig. 6.15 shows that the main changes
introduced by PE manifest themselves in the intensity attenuation of the main spectral
lines compared to these of the substrate and the appearance of new ones. The strong
attenuation occurs in samples with the maximal degree of disorder [45]. According to
[46], the most notable changes after PE are in the band intensities in the 200-500 cm-1
region and most important is that the appearance of a broad band in the 650-750 cm-1 is
observed. Also, a broad band in the range of 520-780 cm-1 is observed, originating from
a paraelectric-like phase, as does the A1(TO) peak at 690 cm-1 [47] and the bulk spectra
intensity attenuation compared to those of the substrate. The new band at 650-750 cm-1
which appears in almost all spectra of our PE layers could be due to second-order Raman
scattering [48] which is actually a combined Ra scattering from coexisting ferroelectric
(α) and paraelectric (βi) PELN. This way the Ra spectra give some evidence for the
presence of α phase in the PELN as the IR absorption spectra do (Fig. 6.8). For our
samples, we can see this peak even in the E(TO) spectra. As it is known, in a strained
crystal some coupling between the E(TO) and A1(TO) modes is possible. Thus, we could
consider the presence of such a large band as evidence for the existence of phases having
the highest value of x, as β4 for the Z-cut samples (Z-1, ZN-1) or β3 for the Y-cut samples
(Y-1, Y-4). The set of narrow peaks in the Ra spectra also indicates a high value of x [49]
and the presence of βi-phases (i = 1-4). Since all spectra have such sets of peaks, we could
conclude that the layers include some βi phases, β1 and β3 being indistinguishable from a
spectroscopic point of view. The peak appearing at 878 cm-1 for samples Y-1, and Y-4
(Fig. 6.15b, h) comes from the E(LO)-mode, excited due to the strained (strongly
perturbated) lattice, and also confirms the high level of H + -doping (βi-phases, i = 1-3).
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Fig. 6.15. Ra-spectra of some samples investigated (a-h).

It could be seen that the spectrum of Y-1 contains the peaks characteristic for bulk LiNbO3
in positions and in relative intensities as well. This shows that the α-phase has a strong
contribution to the layer composition. The intensity increase of the band centred at
632 cm-1 could be due to the presence of α and κi-phases. The spectra of Y-1 and Y-4 are
quite similar, so we could conclude that Y-1 contains also some of the βi phases, i = 1-3,
κi-phases (i = 1-2) and α-phase.
A special attention should be payed to the peak at 70 cm-1 which is present only in PELN
and is usually used as an indicator for Li + -H + exchange [50].
The analysis of the phase content performed by Raman spectra could be compared with
these done above by mode and infrared spectroscopy. The comparison is illustrated in
Table 6.6.
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Table 6.6. Phase content of PELN samples given by mode, IR and Ra spectra analysis.
Phase composition
(spectroscopic evidences)

Sample
Mode

IR

Ra

Z-1

1,3, 4

,1,3,4

,1,3,4

ZN-1

1,3,4

1,3,4, κ1/κ2 (α)

α,1,3,4

ZN-5

1,3

,1,3

,i

X-3

1,3

,1,3

,i

Y-1

βi (i = 1-3), k1/k2

βi (i = 1-3), k1/k2 (α) βi (i = 1-3), k1/k2 (α)

Y-3

1, k1/k2
β1
β1, α

, 1,k1/k2
β1 (α)
β1 (α)

,1,k1/k2
β1
β1

Y-4

βi (i = 1-3), k1/k2, α

βi (i = 1-3), k1/k2 (α)

βi (i = 1-3), k1/k2, α

Y-2

Beside waveguide Raman spectroscopy, micro-Raman scattering has been used which
allows some comparative and semi-quantitative estimations of the thickness of phase
sub-layers to be made. The depth profiling of Y-2 (Fig. 6.16) shows some intensity
transfer between the A1(TO)-mode at 690 cm-1 and the E(TO)-mode at 630 cm-1, which
are excited in the same geometry because of the crystal lattice perturbation introduced by
PE. The changes of the E(TO) Ra spectra originate from the internal strains in the sample
as a result of order-disorder distribution of protons, whereas the changes of the A1(TO)
Ra spectra are due to the displacement of the positive and negative ions [49]. Thus, in
strongly protonated samples, the E(TO) intensities have to be stronger and at the same
time the A1(TO) intensities have to be weaker. Since the intensity of the 690 cm-1 band
(A1) increases toward the substrate, and that at 630 cm-1 (E) decreases, we could conclude
that the layer contains sublayers, having different values of x (decreasing towards the
substrate), which indicates the presence of more phases in addition to the α – and β1-phase,
as commented above. They should be κ1/κ2 phases, which are also indistinguishable
spectroscopically.
The relative intensity of the peak at 690 cm-1 allows some estimation of the contribution
of the highly protonated phases to the PE layers to be made. Since it is higher for samples
Y-2 and Y-3, this band could be attributed to the β1 phase which is the only possible phase
formed by direct proton exchange in Y-cut LiNbO3 [13]. This way the analysis of the Ra
spectra indicates that the band at 690 cm-1 could be attributed to the β1-phase which makes
that phase already spectroscopically distinguishable.
Analyzing PELN Ra spectra of as-exchanged samples and after a long period after
obtaining them, some conclusions could be made about their stability and aging. Here, as
an example, Ra spectrum of as-exchanged sample Y-2 and its Ra spectrum 11 years later
are compared (Fig. 6.17). As it could be expected, the spectrum of Y-2 remains almost
unchanged after 11 years since that waveguide consists only of β1-phase and no substantial
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proton redistribution coming from stronger protonated phases could take place. This
confirms the conclusions made above on the base of the mode and IR spectra. The only
change is the disappearance of the small peak at about 878 cm-1 which comes, as it was
mentioned above, from E(LO) mode, excited when a strong lattice perturbation introduced
by PE at high level of H + doping (βi-phases, i = 1-3) takes place. Thus, its disappearance
is very probably due to some slight redistribution of protons in the depth of protonated
layer causing decrease in the value of x (in the range of β1 phase) and therefore in the
lattice perturbation. The decrease in x reflects in the weak lowering of refractive index
change as it could be seen in Fig. 6.6.

Fig. 6.16. Micro-Raman profiling of sample Y-2 (BMPE).

Fig. 6.17. Raman spectra – A1(TO) mode for the sample Y-2: as exchanged (1)
and after 11 years (2).
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6.5. Stress and Phase Composition
For characterization of the waveguide films from mechanical stress (MS) point of view,
an optical integral method was used where the quantitative calculations of layer stress
have been performed by an ex situ optical interference technique [51, 52]. The role of the
substrate is assumed to be of lithium niobate with no waveguide on it for each orientation
– X, Y and Z. Since the deformation of the waveguide follows that of the corresponding
cut substrates, the elastic parameters, Young modulus and Poisson ratio are taken for the
substrates. The change in the interference fringe patterns between the substrate and an
optical flat is used to measure the deformation of the layer-substrate system. The radius
of curvature is actually the substrate radius. The error in the radii determined by curvature
measurements was 10 %. Since vapor temperature during the process of proton exchange
is low, the thermal component of the stress is negligible. Thus, the calculated stress is the
intrinsic stress for the waveguide layers. It has to be noted that this method for determining
stress gives an integral value over the waveguide bulk. Besides, the nature of the stress is
determined by its sign. If the sign is minus, the stress is compressive; the sign plus
corresponds to tensile stress. The MS and refractive index changes (Table 6.1) obtained
gave also the opportunity to calculate a material constant – the compressibility coefficient.
The compressibility coefficients are calculated for PE LiNbO3 waveguides of a certain
phase composition and thickness of the phase sublayers. In this sense it would be useful
to know this coefficient in the case of monophase waveguides with preliminarily given
parameters. Thus, the MS could be evaluated only by this coefficient. The calculated
values for the MS and compressability coefficients for the samples studied are shown
in Table 6.7.
Table 6.7. Relative quotas (%) of IR spectral bands, MS (σ), compressibility coefficient (Δn/σ)
and three-phase (β2 + β3 + β4) layer thickness (dS) of the samples studied.

Z-1
Z-2
Z-3
Z-4
Z-7
ZN-1
ZN-5
X-2

16.39
27.33
20.74
18.48
17.42
23.32
30.66
48.55

9.12
11.65
22.00
21.75
57.96
6.69
16.94
36.30

55.83
25.54
57.14
59.89
13.91
57.22
52.30
15.12

18.77
35.39
–
–
10.68
11.92
–
–

-0.95
-19.83
-4.21
-6.43
-2.17
-2.45
-1.17
-12.3

Δn/Δσ
×10-10
[m2/N]
-1.56
-0.08
-0.35
-0.23
-0.64
-0.62
-1.04
-0.08

X-3

48.95

33.95

17.00

–

-0.45

-2.72

0.25

X-4
Y-1

61.72
0.20

22.95
58.11

15.31
23.89

–
17.84

1.15
-0.01

0.95
-178.95

0.43
0.55

Y-2

0.05

26.60

71.48

1.85

-0.54

-0.21

0.01

Y-3

0.08

15.53

69.44

1.76

-0.29

-3.84

0.03

Y-4

0.09

37.78

38.81

23.23

-0.27

-5.22

0.01

IR-band intensity [%]
Sample

3280

cm-1

3480

cm-1

3500

cm-1

3512

cm-1

σ ×109
[N/m2]

dS
(β2 + β3 + β4)
[μm]
0.44
0.05
0.06
0.06
0.09
0.58
0.19
0.18
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All but one samples studied show compressive stress regardless of crystal orientation.
Such a behavior is not surprising since the network of bonds is distorted by the substitution
of H + for Li + in the LiNbO3 lattice. The ionic radius of Li + (1.55 Å) is higher than that of
H + (0.46 Å) and for all crystal orientations of the substrate, balancing forces are required
to sustain equilibrium acting in compression to adjust the structure to the smaller-sized
component. According to some authors, PE causes a little larger lattice constant of the
layer Li1-xHxNbO3, which results in stress generation [53].
The MS depends on the film structure and changes with changing the film composition.
Therefore it could be possible to find some relation between phase composition and
mechanical stress (MS). It could be seen that the most stressed layer is the one with the
largest quota of the 3512 cm-1 band (Z-2) and the least stressed is the Y-1 waveguide,
where the band at 3480 cm-1 (α or κ1/κ2 phases) has the largest quota. The appearance of
the 3512 cm−1 component does not indicate the presence of interstitial hydrogen, but only
a high value of x (as it could be seen from the optical measurements). The band at
3512 cm−1 is related to a high protonation rate, but it is also polarized perpendicularly to
the optical axis. This means that there are OH bonds lying in the oxygen planes which are
shorter than the ones corresponding to the β1 phase. This shortening is probably due to
deformations of the lattice at high values of x. The next highly stressed layer is X-2,
although it does not have a component at 3512 cm−1. It seems that the main role in
mechanical stress here is played by the quota of low-protonated phases (α or κi) – it is
lower than the quota of the 3280 cm-1 shoulder, which usually is related to interstitial
hydrogen, the situation when the lattice is sufficiently disturbed. Since X-3 and X-4 have
similar IR band quota, it could be expected that they would be also highly stressed.
Actually, the stress measured was much lower (Table 6.7). This could be explained by
longer diffusion (the temperature and proton source being the same) while simultaneous
annealing process takes place and a redistribution of the diffused protons and lattice
relaxation occurs. As it has been mentioned above, such low-temperature annealing
(160oC) could not lead to phase transitions and transformations, but could cause
homogenization of the existing phases accompanied by decrease of the MS in the layer.
The only sample with positive (tensile) stress is X-4, which has the largest shoulder
centered at 3280 cm-1 indicating the stronger presence of interstitial hydrogen and thus a
sufficiently disturbed lattice. At high values of x, the lattice should be compressed, but
the interstitial hydrogen stretches the lattice, so when the MS is positive, we could suggest
that the balance is disturbed in favour of the interstitial instead of the substituting one.
Thus the substitution-interstitial proton ratio could be estimated from the sign and the
magnitude of the mechanical stress calculated.
From technological point of view, it is interesting to note that the most strained layers
have been obtained in two of the cases when PE was performed in vapors (Z-2 and X-2).
It seems very possible that the kinetic energy of the substituting element has been
transformed into energy of lattice deformation.
As it could be expected, the optimization of the technological conditions for obtaining
deep waveguides with high extraordinary index change in Y-cut crystals results in the
lowest intrinsic stress in the samples with that orientation. It is well-known that in case of
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Y-cut substrates, PE leads to a fast damage of their surface because of the higher MS
arising under longer diffusion. Low values of MS in our case correlate with the absence
of shoulders in the IR absorption spectra of these layers (Fig. 6.7c).
Since LN is an anisotropic crystal, it should be expected that the stress is different along
different directions, i.e. the bending should be different along each of the crystallographic
directions. It is important to note that no elliptic interference fringes were observed during
stress measurements. This means that the layer has lost its anisotropy which indeed
corresponds to the total loss of electro-optical properties at high level of doping. Such
kind of quasi-amorphization (paraelectric state) has been observed when Raman
spectroscopy was applied for waveguide characterization showing that all βi-phases
(i = 1-4) are paraelectric [49]. Actually, it is well known that at higher values of x the
lattice changes from perovskite to cubic one [34]. Therefore, the MS measurements
confirm the paraelectric state of highly protonated (βi, i = 1-4) phases since such layers
have lost their anisotropy.
The thickness of the building monophase sublayers having their own bands in the IR
spectra was evaluated by combining mode and IR absorption spectroscopy (Part 4.1). This
way we could see how the mechanical compression of the whole layer is influenced by
the thickness of the three-layer structure β2, β3 and β4, since it is reasonable to assume that
the more strongly protonated layers undergo more significant deformation of the lattice
and are subjected to greater mechanical stress. A relation between the MS measured and
the thickness of the phase sublayers in the PE region was established this way. There is a
certain thickness dS0 of the three-layer structured β2 + β3 + β4 sublayer (Fig. 6.18), which
corresponds to a minimal stress for the entire PE layer (ca. 0.3 μm for the Z-cut series),
and could be obtained at suitable fabrication conditions. In most cases, the requirements
to technological parameters are towards the obtaining of PE waveguides in α-phase (to
preserve the electro-optical properties) or of waveguides with minimal MS (to decrease
losses). Since the stress of the βi (i = 2-4) structure in multiphase waveguides has the main
role in the generation of MS of the entire layer and therefore in the increase of losses, it is
important to adjust its thickness to dS0.

Fig. 6.18. Dependence of the intrinsic stress on the thickness of the highly protonated phase
sublayer (Z series).
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In summary, it could be concluded that the independent study of the phase composition
of multiphase proton-exchanged waveguides by mode spectroscopy, IR absorption
spectroscopy and mechanical-stress measurements show that a correlation exists between
mechanical stress and the phase composition (hydrogen presence) in the
proton-exchanged layer. The stress depends substantially on the technological parameters
for obtaining waveguides. Highly protonated phases and deep waveguides with very low
mechanical stress could be obtained in Y-cut LN at specific technological parameters.

6.6. XPS of PELN Layers
X-ray photoelectron spectroscopy (XPS) provides quantitative elemental and chemical
information with extremely high surface sensitivity and is ideal for comprehensive
characterization of the elemental composition and chemical bonding states at surfaces and
interfaces. XPS is ideally suited to the determination of the surface chemistry in the
surface and near-surface region and thus can be used for compositional analysis of the
several uppermost atomic layers of the wafer apart from the PELN waveguide/air interface
[54, 55].
For the XPS experiment, three X-cut samples of LiNbO3 – X-5, X-6 and X-7, were
proton-exchanged in melts of pure benzoic acid, benzoic acid buffered by 1 % and by
2 % lithium benzoate respectively, at 230 oC and PE duration of 1.5 h for unbuffered melt
and 10 h for the buffered melts.
A comparative analysis has been performed between virgin sample and the PE layers of
X-5, X-6 and X-7. The goal was to clarify the dependence of crystal composition, Li1s,
O1s and Nb3d spectra shape, binding energies (BE) and full width at half maximum
(FWHM) in the near surface region (between 0 and 10 nm) on melt buffering.
The XPS study of the samples was carried out with an ESCALAB Mk II (VG Scientific)
electron spectrometer by recording the C1s, O1s, Nb3d and Li1s photoelectron peaks.
Crater formation has was avoided by defocusing the ion beam. A sputtering rate of
1 nm/min was established.
The O1s position was determined to be at 530.3 eV by using C1s as a reference at the
surface. In our investigation of the depth profile we used this binding energy as the
reference since it is stable as the oxygen is a basic part of the LiNbO3 lattice. The
intensities were determined as the integrated peak areas, assuming that the background is
linear. The element concentrations were calculated by the SSI (Surface Science
Instruments) approach which takes into account the transmission function
of the analyzer [56].
The XPS spectra of LiO1s, O1s and Nb3d are shown in Fig. 6.19. They allow the binding
energy and the FWHM change to be followed in the depth from the very surface to
500 nm of the exchanged layers. The concentration of Li at the crystal surface could be
estimated from XPS records, and a correlation between x and ∆ne could be established
when the optical profile is built up. For the sample X-6 XPS analysis gives x = 0.60 for
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the very surface of PE layer. The value of x supposes to be x = 0.58 according to the ∆ne
vs. x dependence given in [35]. Thus, the XPS method can help specify the ∆ne = f(x)
dependence.

Fig. 6.19. The XPS spectra of a virgin (a) and PELN sample X-6 (b) after sputtering
to the following depths: 1) 0 nm (surface); 2) 10 nm; 3) 100 nm: 4) 200 nm; 5) 500 nm.

Analysing the XPS records, it could be seen that the Li content decreases and the Nb
content increases with depth from the surface (d = 0 nm, t = 0 min) to the first few atomic
layers close to the surface (d = 1-2 nm), i.e. in a nearly two-dimensional region at the
surface of the LiNbO3 crystal. Enrichment of Nb with depth along with reduction of Li
corresponds to reduction of the molar ratio of Li2O to Nb2O5. The composition remains
nearly unchanged between 2 and 10 nm depth in the protonated layer.
The XPS spectra of Li1s also show that beside the main BE peaks lying between 49 and
53 eV for both treated and untreated samples, a weak peak appears at 54.8 eV for the
sample protonated in buffered melt. This peak occurs only at d ≤ 3 nm and disappears at
higher depths. Its BE value is close to the values obtained by Kaufherr et al. [57] where a
non-destructive method was used.
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The binding energy values are found to be almost equal when unbuffered benzoic acid
melt is used instead of buffered one (Fig. 6.20). It can be seen that the Li1s BE is lower at
d = 1-10 nm than at d = 0 nm for unbuffered (0 %) as well as for 2 % buffered benzoic
acid. For the virgin crystal, in contrast, BE increases at d = 1 nm (compared to d = 0 nm)
and remains almost the same at 5 and 10 nm. The higher BE value obtained for 1 % [55]
than for 2 % and 0 % buffered melt at 1 nm depth is probably due to the different
stoichiometry of samples X-6 and X-7.

Fig. 6.20. Li1s binding energy of LiNbO3 versus depth (sputtering time)
for untreated LiNbO3 and for PELN layers obtained in unbuffered and buffered
with lithium benzoate benzoic acid melts [58].

Compared to the Li1s, the BE depth dependence for O1s is much less pronounced,
especially when PE is performed in an unbuffered melt. It may be explained with lower
BE sensitivity to the changes in the surrounding due to the shielding of the 1s oxygen
electron by the 2s and 2p electrons. Regarding the change of the band’s FWHM with
depth, it must be noted that the most evident decrease in comparison to d = 0 nm appears
at d = 1 nm in the case of treatment with an unbuffered melt (Fig. 6.21). Certain asymmetry
of the O1s peak at d = 1 nm is also seen when normalized XPS spectra are compared.
These FWHM changes are probably due to superimposing energetically close O1s bands
with different halfwidth and relative intensities. Such bands might correspond to weakly
differing positions of the OH groups formed, depending on depth and degree of
protonation. Here it is worth mentioning that the XP spectrum of LiNbO3 has two O1s
peaks with different relative intensities for the crystalline and amorphous state of the
material as was already reported in [57].
The experimental data for Nb XPS show that the peaks of the Nb5 + doublet 3d3/2 and 3d5/2
at 207 and 210 eV respectively, are better resolved for d = 0 nm than for the atomic layers
of d = 1 nm depth for both virgin and PE samples. This could be related to a specific
structure of the matrix surface layers which probably is also responsible for the lower
degree of protonation (i.e. the Li enrichment) on the surface. Another reason could be the
damage of the surface structure due to the sputtering which results in a poorer peak
resolution.
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Fig. 6.21. Narrowing of the O1s band of LiNbO3 protonated in buffered
and unbuffered benzoic acid melts [58].

Benzoic acid buffering has some influence on the Nb3d BE values for the 207 and
210 eV peaks at depths of 1 nm which may be caused by differences in the position and
orientation of the OH groups toward the Nb atoms, depending on the degree of
protonation. The intensity redistribution for the 207 and 210 eV peaks and the appearance
of a new peak at 205 eV (Fig. 6.22) with increased sputtering time may be understood
considering the results obtained in [59] on the reduction of Nb5 + to Nb4 + and Nb3+, when
electron-beam heating of LiNbO3 takes place. Before sputtering, the 205 eV peak is not
observed because only Nb5 + is present in our sample. The sputtering procedure of 1-2 min
leads to the creation of some Nb4 + and to superimposing of the low energy peak of the
Nb4 + doublet (i.e. Nb4+3d5/2) at 205 eV. The higher energy peak Nb4+3d5/2 lies close to the
207 eV peak of Nb5+3d5/2 and is therefore not seen. Further accumulation of Nb4+ on the
crystal boundary takes place with increasing sputtering time and at t > 4-5 min results in
strong domination of the Nb4+3d peaks at 205 and 207 eV. So, the Nb5+3d5/2 peak at
210 eV disappears and Nb5+3d5/2 at 207 eV is replaced by the Nb4+3d5/2 peak with almost
the same BE.

Fig. 6.22. Nb3d binding energy versus depth for LiNbO3 treated in unbuffered and 2 % lithium
benzoate buffered melts (from above: 210 eV, 207 eV, 204 eV) [58].
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It has been established that the rate of intensity redistribution (increase for the 205 eV
peak and decrease for the 210 eV peak) is higher when the sample was treated with
unbuffered benzoic acid melt. Probably NbO2 or another Nb4+ cluster compound with
direct Nb-Nb bonding is formed on the surface due to the sputtering:

In summary, the most important observations from the XPS records of the samples studied
after gradual removal of the surface atomic layers by Ar ion sputtering show that the
binding energy of Li1s, the bandwidth of O1s, the Nb3d spectrum shape and the Li2O to
Nb2O5 molar ratio have changed at a depth of d = 1 nm compared to d = 0 nm. Upon
moving from d = 0 nm to d ≥ 1 nm, a decrease of Li content and Li1s BE lowering within
2 eV is observed in the protonated sample, while for the virgin crystal Li1s BE increases
with about 1 eV. In the depth range from 1 to 10 nm, only weak changes in Li and Nb
content and in Li1s BE take place. These results show that a very thin layer on the LiNbO3
crystal surface (about 3-4 atomic layers for X-cut samples) differs in structure and/or
composition from the layers located deeper in the PELN. This layer has, as it is observed,
a lower degree of H + for Li+ substitution, i.e. a relative Li enrichment on the surface after
the PE process.
Closely similar values of Li1s BE are obtained for PE performed with unbuffered and
buffered (containing 1 % or 2 % Li-benzoate) melts of benzoic acid. This result shows
that the Li content of the melt does not considerably affect the Li enrichment of the
surface. Some influence of benzoic acid buffering is observed for the O1s band FWHM
at d = 1 nm and for the BE of the Nb3d doublet which may be related to changes in position
and orientation of the OH groups formed by the PE process.

6.7. Conclusions
The chapter presented summarizes authors’ experience in production and characterization
of planar optical waveguide layers obtained via proton exchange in lithium niobate. A
methodology for characterization of such layers is demonstrated on particular samples
which were prepared at different technological regimes aiming to obtain a variety of
phases with different quotas composing the proton-exchanged layer.
It is shown that a properly chosen selection of structural and optical methods (alone or in
combination) along with chemical analysis is a powerful approach for studying the
waveguides obtained by PE in LN and for understanding the reasons behind their
properties, as well as for characterization of the waveguides themselves. The matching of
results obtained by using different methods supports the sole use of a particular method
for that purpose.
The combined analysis based on mode, IR and Ra spectroscopy allows identification of
phases, analysis of phase formation and assessment of phase properties, as well as of the
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relative contribution of each of them to the composition of the waveguide layer of
multiphase proton-exchanged waveguides in lithium niobate. In addition, the vibration
spectra allow some comparative and semi-quantitative estimation to be performed about
the thickness of phase sublayers. The methods used independently gave valuable
information for the phase composition of the waveguide layer of multiphase
proton-exchanged waveguides in LiNbO3, and for the relative contribution of each of
them, and thus – for the optical and electro-optical properties of PELN waveguides.
The described approach uses the power of vibration spectroscopy for structural study
which gives information about structure and chemical bonding of PELN waveguides. It
could be used for PE process monitoring, phase composition analysis, study of the
dynamics of phase formation, evaluation of the waveguide parameters and the quality of
PELN waveguides, study of the proton redistribution and following up the structural
changes and phase evolution during post-exchange annealing, monitoring of distribution
of proton concentration in the depth of the PE layer, etc.
The comparative analysis of vibration spectra shows that there are significant differences
between the main parameters of Raman and infrared spectra of the different phases: such
parameters as frequency, polarization, intensity and number of spectral bands depend on
the phase composition of waveguides. The information obtained from these spectra allows
the characterization of PE layers in terms of the degree of order/disorder of the crystal
lattice, amorphization, mobility of protons, stability of waveguide parameters, electrooptical properties, thickness of the waveguide layer and the phase sublayers, deformation
of the lattice, long-term stability, etc. A correlation between stress and the level of doping
(respectively, between stress and the phase composition of the measured layer) was
established, as well as between the mechanical stress and the relative quota of the different
phases in the proton-exchanged layer. It is demonstrated that a correlation exists between
mechanical stress and the phase composition (hydrogen presence) in the protonexchanged layer, and also that the stress depends substantially on the technological
regimes for obtaining waveguides. It was shown that highly protonated phases and deep
waveguides with very low mechanical stress could be obtained in Y-cut LiNbO3 at
specific technological conditions. The substitution-interstitial proton ratio could be
estimated from the sign and the magnitude of the mechanical stress calculated. There
should be suitable fabrication conditions for obtaining a phase composition corresponding
to a minimal stress in the waveguide layer.
The elemental composition and chemical bonding states at the surface and near surface
region of PELN were characterized by using XPS which showed that a very thin layer on
the LiNbO3 crystal surface (about 3-4 atomic layers for X-cut samples) differs in structure
and/or composition from the layers located deeper in the PELN layer.
The approach described could contribute to the studies on the influence of the conditions
at which PE waveguides are obtained – stoichiometry and orientation of the substrate,
type and composition of the proton source, temperature and duration of diffusion, and
additional procedures – on the mechanism of phase formation. The demonstrated
methodology can contribute to adjustment of fabrication conditions for better control of
proton concentration and obtaining of defined phase composition needed for waveguide
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devices with improved stability and characteristics, as well as for further development of
the PE technology for their production and application.
The study presented leads to the accumulation of new knowledge on material science
regarding the properties of modified waveguiding layers on substrates of ferroelectric
crystals. It could support researchers working in the area of proton-exchanged optical
waveguides in their studies on material research and methods for characterization
of PELN.
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Metal Oxide Nanomaterials Obtained
by Sol-gel and Microwave Assisted Sol-gel
Methods
Luminita Predoana, Irina Stanciu and Maria Zaharescu1

7.1. Introduction
The synthesis of nanomaterials, their characterization and their use in various industrial,
environmental, technological applications has known a rapid development, being the
subject of research by many chemists, physicists and material scientists [1]. The
nanomaterials refer to materials which have at least one dimension in the range 1-100 nm)
[1, 2]. According to Siegel, nanomaterials can be divided into zerodimensional or
nanoparticles, one-dimensional (nanowire, nanofibres, nanocabbles and nanotubes),
two-dimensional (films) and three-dimensional (block) [3]. The continuous expansion of
nanomaterials is mainly due to the fact that they have superior properties compared to
their bulk homologs [2, 4], thanks to their high surface area, small size, high
surface-volume ratio and the ability to form long-lived reactive and highly resistant
surfaces [5, 6].
Metal oxides have been one of the most well-documented and hottest branches of
nanomaterials revolution with oxides such as TiO2, ZnO, CuO, Fe3O4, Cr2O3, Co3O4 and
so on [1]. Oxide nanomaterials have applications in microelectronics, catalysis, energy
storage, medical technology, environmental, decontamination, ceramics, personal care
products and so on [7, 8].
A large number of methods can be used for preparation of metal oxide nanomaterials, both
in liquid or vapor phase, by physical or chemical procedures [4, 6, 9]. The great advantage
of physical methods is their reproducibility; but they require high vacuum, expensive
equipment, so high production costs. Therefore, the most commonly approaches used for
the synthesis of metal oxide nanomaterials are chemical methods in liquid phase, such as
sol-gel, hydrothermal/solvothermal, electrochemical, sonochemical, microemulsion,
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precipitation/co-precipitation, template synthesis, and so on [8]. These methods have a
number of advantages: low production temperature, homogeneous mixing of precursors
at molecular scale, design and control of the physico-chemical properties of final metal
oxide nanomaterials (particle size, shape, surface properties) depending on the precursors
used. However, these methods have also several drawbacks, including the fact that it
requires expensive precursors and long synthesis times [2, 10].

7.2. General Consideration on the Sol-gel Chemistry
Among the chemical methods in liquid phase, sol-gel technique is a versatile and efficient
method for pure or doped metal oxide films or powders preparation [11-14]. Obtaining
metal oxide materials by the sol-gel method involves, according to Schmidt's definition
[12], two distinct steps, namely: (1) transforming the solution into gel and (2) transforming
the gel into a vitreous or crystalline solid by adequate thermal treatment.
Depending on the precursors used, the synthesis process can be divided into three types
based on metal alkoxides, aqueous solutions of metal salts, mixture of organic and
inorganic precursors. Regardless of the route used, the precursors must be water-sensitive
and slightly soluble in organic solvents. Currently, non-aqueous route is more used than
aqueous route. The sol-gel process in a non-aqueous medium uses a solution of a metal
alkoxide M(OR)n (M = Si, Ti, Zn, Al, Fe, etc.; R = alkyl radical) in an alcohol or other
organic solvent with low molecular weight. The formation of polymeric metal alkoxide
gels involves hydrolysis (7.1) and condensation (7.2) of the precursors in the presence of
catalysts, processes which are carried out in several stages and can occur sequentially or
in parallel [12, 13]:
M(OR)n + xH2O → M(OR)n-x(OH)x + xROH,

(7.1)

M(OR)n-x(OH)x + M(OR)n-x(OH)x →
→ M(OR)n-x(OH)x-1MOM(OR)n-x(OH) + H2O.

(7.2)

Following hydrolysis and polycondensation reactions, which take place at room
temperature, a sol containing dispersed polymers or fine particles is obtained which
connect together, solidifying the sol into a wet gel. Vaporization of water and solvents
leads to a dry gel, which, at temperatures of several hundred degrees, produces dense
oxide materials as one of the final products [11]. Prior to gelation, the solution can be used
to obtain films with thickness ranging from less than 100 nm to a few micrometers, by
using simple techniques such as dip coating or spin coating [13, 15].
Besides the fact that it offers the possibility of obtaining both films and powders of metal
oxides at nanometric dimensions, sol-gel method has also some advantages over other
preparation techniques. Such advantages are purity, homogeneity, possibility to
introducing dopants in large quantities, ease of manufacturing, low processing
temperature, control over the stoichiometry, composition, viscosity [16, 17], and, in case
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of thin films, easy control of thickness, as well as the ability to cover large and different
type of surfaces [18, 19].
Combining the sol-gel method with the effect of ultrasounds or microwave, leads to
improving the procedure. Lately, ultrasonic [20, 21] or microwave irradiation [22-64] in
sol-gel metal oxide nanomaterials synthesis have become methods of interest because, in
addition to being cheap and environmentally friendly heating methods, offer the
advantage of using shorter synthesis time and allow the control of crystallinity, size and
morphology of the resulted nanoparticles [20, 22].

7.3. Microwaves and Their Influence on the Chemical Reactions
In the electromagnetic spectrum, microwaves are situated between infrared waves and
radio waves. They have wavelengths ranging from 1 mm to 1 m and operate in a frequency
range between 300 MHz (100 cm) and 300 GHz (0.1 cm). The 2.45 GHz frequency is
commonly used for microwave heating, because the water absorption is maximum at this
value [65, 66].
Microwave heating mechanism is based on interactions between dipoles in materials and
the electromagnetic microwaves. Microwave heating can have certain benefits over
conventional ovens: the microwave heating can greatly decrease synthesis time, because
the heating rates are much higher than the conventional ones; microwave heating is
instantaneous, with no heat dissipation effects; microwaves can be used for the selective
heating of the materials, because chemicals do not interact equally with microwaves [66].
Unlike traditional heating, which is slow enough and can lead to a temperature gradient
in the sample, in the microwave field the temperature increase uniformly across the
sample, thus generating fewer secondary reaction and minimal structural defects [23, 24].
Advantage of microwave, is done by quickly and uniform heating, as a result of the direct
coupling of molecules in the solution by polarization or conduction [25, 65]. The
collisions resulting from the rotation of the dipoles during polarization and the load
carriers during conduction give energy to the atoms and molecules from the solution in
the form of heat [26, 67].
By microwave irradiation, the conditions for obtaining monodispersed nanoparticles
(rapid and short nucleation in a supersaturated solution and subsequent uniform growth
of formed nuclei) can be obtained experimentally [19, 68].
In the case of sol-gel synthesis using organic solvents, characterized by slow kinetics,
microwave heating has been shown to be an optimal method of increasing the rate of
reaction. Thus, sol-gel synthesis using organic solvents combined with microwave heating
becomes a method of rapid and efficient synthesis of the oxide nanoparticles with narrow
size distribution and uniform shape and size [68].
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7.4. Oxide Systems Obtained by Microwave Assisted Sol-gel Method
Up to now, there have been several reports that involve synthesis of metal oxide
nanomaterials by microwave assisted sol-gel method, but many of them have been
performed using domestic microwave ovens, in which the reaction conditions can not be
accurately measured, making the experiments difficult to be reproduced [69].
The data from the literature have shown that microwaves irradiation in sol-gel synthesis
was used, more frequently, for precipitation of nanocrystalline metal oxides [22, 27-47],
for thermal treatment of amorphous nanopowders of metallic oxides [48-52] as well as for
drying or/and thermally treatment of the films [24, 53-60] and less to activate solutions
used to obtain thin film or powders [23, 25, 26, 61-64].
7.4.1. Nanostructured Oxide Powders Preparation
By increasing the microwaves power or irradiation time of sol-gel solutions,
nanocrystalline metal oxides are obtained [23].
Microwave irradiation of the solutions has led to the formation of metal oxides
nanopowders, such as: MgO [27], RuO2 [28], ZnO [29, 30], ZrO2 and Cu-doped ZrO2 [31,
32], WO3 [33], CeO2 [34], SiO2 [35, 36], TiO2 [22, 37-40] and TiO2 doped with Sn, Cu,
Ni [41], Cr-doped TiO2 [42, 43], Ag-doped TiO2 [44], W-doped TiO2 [45], Ir-doped TiO2
[46] and V-doped TiO2 [47]. The power of the microwave ranged from 86 W [31] to
1200 W [35].
To obtain MgO nanoparticles, Mirzaei and Davoodnia [27] have used magnesium nitrate
and ammonia solutions (pH = 10.5). The resulted Mg(OH)2 gel was irradiated with
microwaves at a power of 350 W, for 15 min. in order to reach a temperature of about
80 C, and then the resulted powder was calcinated 2 h at 500 C, for crystallization. For
comparison, MgO nanoparticles were also prepared without microwaves irradiation of the
Mg(OH)2 gel. The results have shown that, in the presence of microwaves, the particles
obtained have smaller dimension and a higher catalytic activity in the synthesis of
Hantzsch 1,4-dihydro-pyridines from the reaction of aromatic aldehydes, ethyl
acetoacetate, and ammonium acetate.
Sekularac et al [28] have obtained RuO2 nanoparticles using as precursor RuCl3xnH2O, in
acidic medium (pH = 2.5) by simple one-step temperature-controlled (200 C and 220 C,
for 5 min) or pressure-controlled (30 bar) microwaves irradiation, in an autoclave. For
complete crystallization, RuO2 nanoparticles were dried at 120 C for 30 min, and then
were subjected to a thermal treatment at 300 °C for 2 h.
Assi et al [29] and Singh and Nakate [30] have obtained ZnO nanoparticles using
microwave-assisted sol-gel method, starting from zinc acetate, as Zn precursor. Singh and
Nakate have irradiated the solution at a power of 700 W in two steps (40 C for 20 min
and 60 C for 30 min) followed by thermal treatment of the resulting powder at 500 C
for 1 h.
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ZnO nanoparticles with an average particle size of 27 nm were obtained by Assi et al [29],
using a microwave-assisted sol-gel method in the presence of ethylene glycol. They have
irradiated the precursor solution with microwaves at a power of 600 W for 10 min, and
then the resulting powder was calcined at 450 C for 2 h. The XRD pattern, which is
shown in the Fig. 7.1, revealed the formation of hexagonal ZnO nanoparticles with
a single phase.

Fig. 7.1. X-ray diffraction pattern of ZnO nanoparticles synthesized by microwave-assisted
sol-gel technique [29] (Reproduced with the permission of Springer Nature).

Zirconia (ZrO2) nanoparticles with tetragonal crystalline phase were obtained,
under microwaves irradiation of the precursor solutions, by Fetter et al [31] and Dwivedi
et al [32].
Fetter et al [31] have used the sol-gel technique with microwave irradiation to synthesize
ZrO2 and Cu/ZrO2 nanoparticles at various pH values and hydrolysis catalysts. They have
subjected the mixture of reagents (Zr-n-butoxide in n-butanol, copper acetylacetonate and
different catalyst: HCl, H2SO4, CH3-COOH and NH4OH) at 2.45 GHz and 86 W power
for 10 min. The obtained white gels were dried in air atmosphere at 70 C and then the
samples were calcined at 250, 400 or 600 C for 4 h. The microwave irradiation induced
tetragonal phase formation at almost any pH, whereas this phase was obtained by
conventional sol-gel only for pH 3-4 or 13-14 [31].
Dwivedi et al [32] have synthesized ZrO2 nanoparticles by a fast and simple microware
assisted citrate sol-gel method. The solution containing zirconium oxychloride and citric
acid was evaporated to dryness by exposing it to microwaves for 2 min and then the
obtained oxide was calcinated at 450 C for 4 h. The formation of tetragonal crystalline
phase t-ZrO2 was confirmed by powder XRD analysis on calcined samples and by the
HRTEM data.
Soren et al [34] have synthesized single phase cerium oxide (CeO2) nanoparticles by
microwave mediated polyol method in a short period of time (10 min) by employing
different cerium precursors: ceric ammonium nitrate, ceric nitrate, ceric chloride, ceric
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ammonium sulphate and ceric sulphate in the presence of 1,4-butanediol. The reactions
took place at a power of 600 W for 10 min (the temperature was 200 C).
Single phase CeO2 nanoparticles were obtained through microwave initiated polyol
method only starting from ceric ammonium nitrate, ceric nitrate and 1,4-butanediol. The
1,4-butanediol serves as solvent and stabilizing agent. The final products were obtained
in just 10 minutes and were dried at 80 C, not being subjected to a subsequent heat
treatment.
Spherical mesoporous SiO2 and SiO2-TiO2 particles were synthesized by sol-gel method
using W/O emulsion under microwave irradiation by Inada et al [35]. In SiO2 system,
W/O emulsion was prepared by mixing partially hydrolyzed Si(OC2H5)4 aqueous solution
including
C18TAC
as
template
with
n-hexane
solution
including
polyglycerolpolyricinalate as emulsiﬁer. In SiO2-TiO2 system, Ti(OC2H5)4 in
acetylacetone was added to the SiO2 based aqueous solution. In both cases, spherical
products were synthesized by heating of W/O emulsion for 30 min under microwave
irradiation. The microwave heating process was performed at 300, 600 and 1200 W (the
reacting temperature was set at 60 oC) at a 2.45 GHz frequency. The resulted precipitate
was dried at 100 oC and then was calcined at 500 oC for 4 h.
In the Fig. 7.2, SEM images of spherical mesoporous SiO2 particles obtained by
conventional and microwave heating methods are presented.

Fig. 7.2. SEM images of products by (a) conventional heating method and (b) microwave heating
method [35] (Reproduced with the permission of Springer Nature).
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In the microwave heating method, spherical particles with smooth surface were observed,
whereas irregular particles with rough surface were formed by the conventional heating
method. These results indicate that the rapid and selective heating by microwave
irradiation is effective to make spherical particles. When the microwave power was set at
300, 600 and 1200 W and the reaction time at 5 min, 30 min and 4 h, the particle
morphology was not changed.
The speciﬁc surface area and pore size of spherical products were 800 m2/g and 1.6 nm,
respectively, which indicate that the spherical products are mesoporous.
In the case of spherical particles in SiO2-TiO2 system, SEM images for the compositions
with different molar ratio Ti/Si are presented in the Fig. 7.3.

Fig. 7.3. SEM images of products in SiO2-TiO2 system: (a) Ti/Si = 0.1,(b) Ti/Si = 0.5,
(c) Ti/Si = 1.0 [35] (Reproduced with the permission of Springer Nature).

The speciﬁc surface area of SiO2-TiO2 system decreases with an increase in Ti content. Ti
is incorporated into Si-O network at small Ti content, whereas, at large Ti content TiO2
forms separately leading to the decrease in speciﬁc surface area. The stable coordination
number of oxygen is four for Si-O bonding and six for Ti-O bonding. The difference in
the coordination number limits the solubility of Ti-O bond into Si-O network, and tends
to form TiO2 clusters. This may be the reason for restriction of the formation of
mesoporous structure.
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These results suggest that sol-gel reaction in water phase proceeds rapidly because
microwave quickly and selectively heats up the aqueous solution.
Also, starting from Si(OC2H5)4 as Si precursor, Santiago et al [36] have obtained
hydrophobic silica nanoparticles, by microwave assisted sol-gel method, using a two-step
procedure. In the first step, different size silica particles were generated from tetraethyl
orthosilicate and in the second one, the silica particles were hydrophobized using
hexadecyltrimethoxysilane. The maximum power of the microwave was selected to
800 W and the power was automatically varied from 0 to 100 % in order to reach 50 oC
in 10 min. The hydrolysis and condensation reactions of tetraethyl orthosilicate were
carried out under microwave irradiation at 2.45 GHz frequency and magnetic stirring, for
maximum 3 h. After cooling at 30 oC in the microwave, the second step was carried out
under microwave irradiation at 50 oC for 3 h [36].
For TiO2 nanoparticles synthesis, when lesser microwave power was used, the solution
was irradiated for a longer time [37], while when a greater power was used, the irradiation
of the solution was made in a shorter reaction time [38].
Starting from the same Ti precursor, Mohadesi and Ranjbar [38] have synthesized TiO2
nanoparticle, varying the experimental conditions, like irradiation power (600 and
750 W) and reaction time. The samples obtained at 600 W were numbered from 1 to 4,
depending on the reaction time: (4 min-sample 1, 6 min-sample 2, 8 min-sample 3 and
10 min-sample 4) and the samples obtained at 750 W were numbered from 5 to 8,
depending also on the time of the reaction.
The effects of these experimental variables on the morphology and particle size of the
final products were explored by SEM analysis. For TiO2 particles obtained by irradiating
the solution at 600 W, the size increased and tends to agglomerate with increasing the
irradiation time from 4 to 6 min. With increasing the time till 10 min, while the microwave
power remains 600 W, the morphology of TiO2 changed from nanoparticle to micro sphere
and large particle, as can be seen in the Fig. 7.4.
Furthermore, increase in microwave power from 600 to 750 W has caused increasing the
particle size, which creates micro structure. This aspect is also confirmed by the XRD
data. For TiO2 samples obtained at 600 W for 4 min and 750 W for 4 min, the crystallite
diameter of TiO2 nanoparticles were calculated to be 24 and 70 nm, respectively.
In the Fig. 7.5, the XRD patternsof the as-synthesized samples at 600 W for 4 min
(sample 1) and 750 W for 4 min (sample 5), are presented. It can be observed that the
crystallinity of TiO2 nanoparticles increased with increasing microwave power from
600 to 750 W. No diffraction peaks from other species could be detected, which indicates
that the obtained samples are pure.
In some cases, by irradiating the sols with microwaves, there was no need
for the subsequent thermal treatment of the obtained nanocrystalline metal oxides
[22, 39, 41, 44].
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Fig. 7.4. SEM images of TiO2 a sample 1, b sample 2, c sample 3, d sample 4 [38]
(Reproduced with the permission of Springer Nature).

Fig. 7.5. XRD patterns of the as-synthesized TiO2 (a) sample 1 (b) sample 5 [38]
(Reproduced with the permission of Springer Nature).

For example, Jaimy et al [22] have prepared TiO2 nanoparticles by an aqueous sol-gel
method, starting from titanium (IV) oxysulphate and ammonium hydroxide solution. The
obtained precipitate was dispersed in hot water and was peptized by adding HNO3
solution, until the pH was about 2. The prepared sol was irradiated with microwave in a
kitchen microwave oven at 420 W power and 2.45 GHz frequency, for different period of
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time (0, 5, 10, 15, 20, 30 and 60 min) for crystallization. The microwave treated sols were
then dried at 100 C and were used for characterization, without further heat treatment.
Moura et al [39] have obtained TiO2 particles, by heating with microwave radiation at
120 C temperature and approximately 200 kPa pressure for 1, 5, 15, 30 and 60 min. an
ethanolic suspension of Ti(IV) isopropoxide. The white precipitate formed during the
reaction was dried at 100 C for 5 h and used without further thermal treatment.
Nanostructured metal (Sn, Cu and Ni) doped TiO2 was successfully synthesized by
microwave sol-gel irradiation method by Maragatha et al [41] using titanium oxychloride,
copper acetate monohydrate, nickel(II) acetate tetrahydrate, stannous chloride dihydrate,
sodium hydroxide and deionized water. The power of microwave irradiation was 160 W
for 30 min. at a frequency of 2.45 GHz. The resulted TiO2 and metal-doped TiO2 powders
were used without any further thermal treatment.
In the Fig. 7.6, the XRD patterns of the resulted TiO2 and TiO2 doped with Sn, Cu and Ni
are presented, while in the Fig. 7.7, their corresponding SEM images are shown.

Fig. 7.6. XRD pattern of a pure TiO2, b Sn doped TiO2, c Cu doped TiO2 and d Ni doped TiO2
for microwave irradiation for 30 min [41] (Reproduced with the permission of Springer Nature).

The powders were tested in photocatalytic processes for methyl blue decomposition. The
best photocatalytic activity was observed for the un-doped TiO2 sample [41].
Li et al [44] have obtained Ag-doped TiO2 nanoparticles with various Ag/Ti molar ratios
by irradiating the solution containing tetra-n-butyl titanate, silver nitrate and ethanol at
600 W, 150 C and 0.5 MPa for 30 min. The obtained precipitate was dried under vacuum
at 65 C for 12 h.
Replacing the conventional thermal treatment of amorphous sol-gel powders with
microwave exposure, nanocrystalline metallic oxides (cobalt oxide, pure and doped TiO2)
well crystallized with small particle size and improved properties were obtained [48-52].
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Compared with conventional thermal treatment, microwave irradiation presents some
advantages like short reaction times, cleanliness, energy economy, ecofriendly conditions
and so on [48, 52].

Fig. 7.7. SEM image of a pure TiO2, b Sn doped TiO2, c Cu doped TiO2 and d Ni doped TiO2 for
microwave irradiation for 30 min [41] (Reproduced with the permission of Springer Nature).

7.4.2. Nanostructured Oxide Films Preparation
By irradiating the solutions with microwaves, an improvement in the properties of the
obtained films and increased sols stability were also observed [23, 26, 61-63]. The
stability of the sols is very important when sol-gel multilayer films are desired.
Akbar et al [26] prepared iron oxide sols with good stability (after 1 year no considerable
change in viscosity was observed, no gelation or precipitation occurred) by irradiating
iron chloride aqueous solution for 120 s, at 136, 264, 440, 616, 800 W and a frequency of
2.45 GHz (the temperature of the reaction mixture was kept between 50 C and 55 C).
TiO2 films with enhanced optical properties [26, 61] or catalytic activity [62, 63] were
also obtained by irradiating the sol-gel solution with microwaves.
Gressel-Michael et al [61] have obtained films with promising optical properties by dipcoating from microwave synthesized aqueous TiO2 nanoparticles colloidal suspensions,
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using a power at 500 W for 30 s. The suspension obtained by microwave irradiation was
deposited on Si and glass substrates and the resulted films were thermally treated at
different temperatures (150, 250, 350 and 450 C) for 4 h. The influence of the substrate
on the morphology of the films was put in evidence by SEM analyses. More regular
morphology was noticed for the film deposited on silicon substrate.
Kondalkar et al [23] have obtained porous TiO2 thin films with highly nanocrystalline
frameworks by microwave assisted dip coating technique. Also, they have studied the
influence of microwave irradiation time of the sol-gel solution on the morphology, size
and films properties. The starting reagents were titanium tetra-isopropoxide,
acetlyacetone, concentrated hydrochloric acid and ethanol. Controlled hydrolysis and
polycondensation reactions were carried out in microwave irradiation with 50 %
microwave power (960 W, at 2.45 GHz). The duration of irradiation was varied as 4, 8,
12 and 16 min. It was observed a significant enhancement in photoelectrochemical
properties of the obtained films with increasing the microwave irradiation time. The
authors concluded that the optostructural property of the nanostructured TiO2 can be tuned
by varying the microwave irradiation time, which play an important role in the nucleation
and crystal growth.
Well crystallized TiO2 thin films on granular activated carbon, with good photocatalytic
activity, were obtained by Liu et al [62], using a dip-coating method and microwave
irradiation of the tetrabutyl orthotitanate precursor solution at around 150 W for 1.5 h,
without further thermal treatment of the films. Also, Ag-doped TiO2 films with improved
photocatalytic properties were obtained by Tongon et al [63] by using a small power
(100 W), for 5 min (measured temperature being 75 C).
Other researchers have tried to grow films from solutions under the influence of
microwaves [25, 64]. They demonstrate that, although these prototypes are not optimized,
the microwave-grown films have good crystallinity, strong adherence and can be
successfully used in thin-film device applications, dye-sensitized solar cells, medical
devices and so on [25].
Vigil et al [64] have obtained TiO2 thin films on plain microscope slides with and without
a SnO2 covering, from titanylsulfate hydrate solutions made active by microwave
irradiation. The substrates were hung in the activated solution for different period of time
(30, 60, 120 and 300 min) and different microwaves power (30, 150 and 300 W). Thin
transparent films were formed in all cases. When a lower microwave power was used, a
higher number of consecutive processes were required in order to observe the presence of
the films.
In the Fig. 7.8 the scanning electron microscopy (SEM) photographs for two of the films
obtained in different conditions: film G-30-300 (30 W, 300 min) and film G-300-30
(300 W, 30 min), are shown. The comparison shows that the lower microwaves radiation
power produced smaller agglomerates.
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Fig. 7.8. SEM photographs of TiO2 films grown at different microwave power: (a) film G-30-300
and (b) film G-300-30 [64] (Reproduced with the permission of Springer Nature).

Reeja-Jayan et al [25] have also grown TiO2 thin films in solution by using microwaves
energy, at low temperature, starting from tetrabutyl orthotitanate. The microwaves
interaction leads to localized energy absorption, heating, and subsequent nucleation and
growth of the desired films. The microwave-assisted film growth process was run on ITOcoated glass, ITO-coated plastic and Al-coated glass under a wide range of conditions to
optimize uniformity and crystallinity of the TiO2 films. The parameters that were varied
are: time for film growth (30, 60 and 90 min), the reaction temperature (140, 150 and
160 C) and power ramp rate (5, 10 and 15 W/min). The results of the research revealed
that the best film growth occurs at 150 C for 60 min reaction hold time. At lower reaction
temperatures or shorter hold times, the films are thinner and more amorphous. Higher
temperatures or longer reaction times led to film delamination at the edges. The power
ramp rate was not a critical variable.
In the Fig. 7.9, the GIXRD patterns for the optimized TiO2 microwave-grown film on
ITO-coated glass (150 C for 60 min) and conventionally-grown film are shown. As can
be seen, both GIXRD patterns show the appearance of a strong anatase (101) peak at 25,
indicating that crystalline anatase TiO2 films can be grown at a significantly lower
temperature (150 C) compared to conventional techniques (450 C).
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Fig. 7.9. GIXRD pattern for the optimized film grown on ITO-coated glass shows peaks
for the ITO layer as well as strong anatase phase peaks, most notably the (101) peak at 25o [25]
(open access).

As well as microwave-grown films, their treatment with microwaves for drying [53, 54]
or/and sintering [24, 53-59], is another aspect not well studied yet. The microwave thermal
treatments were performed in a microwave oven operating at 2.45 GHz, with the power
ranged from 500 W [59] to 1200 W [53], most of them being performed at 600-700 W
[24, 55, 56], depending on the obtained film and also on the substrate used for film
deposition. As heat susceptor silicon or silicon carbide were used [54, 56].
Najeeb et al [58] have used microwave heating for sintering the TiO2 films obtained on
ITO glass substrate. The microwave sintering of TiO2 coatings was carried out at 450 C
for 60 min using a heating rate of 10 C/min, and then the samples were furnace-cooled
to room temperature. For comparison, TiO2 film on ITO glass substrate was conventional
sintered at 450 C for 180 min.
In the Fig. 7.10, SEM images of the (a) un-sintered TiO2 layer, (b) conventionally sintered
TiO2 layer, (c) microwave sintered TiO2 layer (60 k) and (d) microwave-sintered TiO2
layer (30 k) are presented. The un-sintered TiO2 sample shows a less porous and slightly
interconnected structure, whereas the conventionally-sintered and microwave-sintered
samples show a denser arrangement with increased porosity. TiO2 layers conventionallysintered and microwave-sintered show similar morphology, however, at “30 k”
magnification (Fig. 7.3(d)), the microwave-sintered TiO2 sample exhibits a more
homogeneous film with higher porosity.
The AFM images and the XRD spectra of the pristine and sintered TiO2 coatings are
shown in Fig. 7.11. As can be seen, sintering has resulted in notable change in the surface
morphology of TiO2 coatings. After conventional sintering of the sample, the
nanoparticles are reorganized into a relatively more densely packed structure as compared
to the un-sintered sample, while for the microwave sintered TiO2 sample, the formation
of well aligned domain structure is clearly visible.
234

Chapter 7. Metal Oxide Nanomaterials Obtained by Sol-gel and Microwave Assisted Sol-gel Methods

Fig. 7.10. SEM images of a un-sintered reference TiO2 layer, b conventionally sintered TiO2
layer, c microwave-sintered TiO2 layer (60 k), and d microwave-sintered TiO2 layer (30 k) [58]
(Reproduced with the permission of Springer Nature).

Fig. 7.11. AFM images of the a un-sintered TiO2, b conventionally sintered, c microwave
sintered, and d XRD spectra of the TiO2 [58] (Reproduced with the permission
of Springer Nature).
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X-ray analysis shows that the peaks of the sintered samples, suffer a slight shifting
movement compared with the un-sintered sample.
It seems like that microwave action would have beneficial effects on the different
properties (electrical [57, 58], optical [24, 56, 60], photocatalytic [53, 54]) of the obtained
films compared to their conventional thermal treatment.
7.4.3. Case Study: TiO2 Based Nanomaterials (Films and Powders)
As it is well known, among the nanocrystalline oxide materials, considerable interest is
shown to TiO2. The interest for the TiO2 nanostructures was observed also in the case of
its microwaves assisted preparation.
Titanium dioxide has three important polymorphic phases: brookite (orthorhombic),
anatase (tetragonal) and rutile (tetragonal). Rutile is the most stable form, while the other
two are metastable and, by heating at high temperatures, are transformed into rutile. TiO2
is an n-type semiconductor with large band gap of about 3 eV for rutile and 3.2 eV for
anatase, a convenient band gap position for many redox reactions, and high lifetime of
excited electrons [70, 71]. This oxide possesses high transparency to visible spectral
range, high refractive index, low absorption coefficient in visible light, good
electrochemical and mechanical properties, high sensitivity, good resistance to corrosion
and tolerance to harsh environmental conditions [42, 56].
Due to its many and interesting properties, TiO2 is used successfully in photovoltaic
devices, optical coatings, sensors, photocatalysts, lithium-ion batteries, in biomedical and
microelectronic applications [23, 40, 53, 57]. Optical, electrical and photocatalytic
properties of TiO2 strongly depend on its morphology, its phase composition and the
nanoparticles size [24]. Studies shown that, between the three crystalline forms of TiO2,
in optical applications, due to the higher refractive index, is desirable to be used the rutile
phase [70, 72], while anatase phase is preferred when TiO2 is used as gas sensor [42, 73]
or as photocatalyst [6, 74].
A challenge of using TiO2 nanomaterials in its potential applications is the fact that TiO2
is photoactive only under UV irradiation (can use only a small percent of solar energy
(5-7 %) [41, 74] so, it is necessary to move its absorption threshold into the visible light
region. By doping with metal, nonmetal, co-doping, coupling with different
semiconductors or dyes sensitization [16, 69, 74] it is possible to extend the spectral
response of TiO2 to the visible region and to improve the TiO2 optical activity
[42, 47, 54].
To obtain a certain TiO2 polycrystalline phase, experimental conditions and subsequent
heat treatment should be carefully controlled.
Among the enhanced experimental conditions used to obtain TiO2 based nanocrystalline
phases, the microwave-assisted sol-gel preparation was applied in large extent.
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Although a high number of published data exist, no systematic studies on the influence of
the microwaves on the phase formation during sol-gel synthesis are available.
7.4.3.1. TiO2 and V-doped TiO2 Films
In the presented case study, the influence of the microwaves on the sol-gel preparation of
TiO2 and V-doped TiO2 films and powders is presented. Previous results on the matter
were published by Predoana et al [75] and Stanciu et al [76, 77].
7.4.3.1.1. Influence of the Starting Solutions Composition
The TiO2 (TO) and V-doped TiO2 (TVO) transparent films with TiO2:V2O5 molar ratio of
98:2 and 99.95:0.05 which corresponds to 1.12 and 0.03 at% were prepared by sol-gel
(SG) and microwave (MW) assisted sol-gel synthesis. After mixing the reagents, the
resulted solutions were stirred for 2 h in the case of sol-gel method or exposed for 5 min
to microwaves at 300 W in an oven operated at frequency of 2.45 GHz and a maximum
power of 2000 W. The microwaves power used in the sol-gel synthesis was selected based
on the literature data [64].
Multilayer depositions of the films were achieved by the dip-coating technique on
microscope glass.
After deposition, the films were thermally treated at 450 oC for 1 h in air. For multilayer
films, after each deposition, an intermediate thermal treatment of densification at 300 oC
for 30 min, was applied.
The synthesized films were labeled (TOx), (TVOx-0.05 %) and (TVOx-2 %), in the case
of sol-gel process and (TOx)MW, (TVOx-0.05 %)MW and (TVOx-2 %)MW, respectively, in
the case of microwave-assisted sol-gel method (x, represents the number of depositions).
The first benefit of using microwave-assisted sol-gel preparation was the essentially
increased stability of the resulted solution against gelling, behavior that is of great interest
for multilayer depositions.
Taking into consideration the increased stability against gelation of the solutions obtained
by microwave-assisted sol-gel method, one may assume that different molecular species
are formed in the presence of the microwaves, as compared to the classical sol-gel method.
Different molecular species present in the solutions at the moment of deposition are
expected to influence the properties of the resulted films.
The SEM micrographs of all the films (with 5 layers) deposited on glass substrate were
realized in order to determine the microstructure and the thickness of the films and are
presented in the Fig. 7.12.
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Fig. 7.12. SEM micrographs showing the film cross-section for samples with 5 depositions
(a) TiO2; (b) (TiO2)MW; (c) TVO5-0.05 %; (d) (TVO5-0.05 %)MW; (e) TVO5-2 %;
(f) (TVO5-2 %)MW [75] (Reproduced with the permission of Springer Nature).

The films obtained by sol-gel method show shallow rounded surface cavities that were
not observed in the case of microwave-assisted sol-gel film. All the films obtained by
microwave-assisted sol-gel method present a denser and more homogeneous aspect.
Thickness of the obtained samples is slightly higher for the films obtained from
microwave-assisted sol-gel solutions, but the values are around 200 nm for all films. The
roughness of the surface was also influenced by the preparation method, being lower in
the case of films deposited from microwave-assisted sol-gel solutions.
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In the Fig. 7.13 are shown the 3D AFM images at the scale of (5×5) μm2 of the TiO2 films
(with 5 layers) deposited on glass substrate by sol-gel method (a) and by microwaveassisted sol-gel method (b).
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Fig. 7.13. 3D AFM images at the scale of 5×5 m2 for the un-doped TiO2 film with 5 layers
deposited by sol-gel (a) and, respectively MW-assisted sol-gel (b) [75]
(Reproduced with the permission of Springer Nature).

The TiO2 sol-gel film has surface defects in the form of shallow pores (in agreement with
the corresponding SEM image). The surface is more porous than that of microwaveassisted sol-gel TiO2 film, making the TiO2 sol-gel film to present a higher roughness. The
obtained result could be assigned to the enhancement of nucleation and growth of TiO2
molecular species in the sol-gel solution in the presence of the microwave field.
The V-doped TiO2 films present a similar behavior to those of un-doped TiO2, regardless
of vanadium content.
X-ray diffraction results show that for all the obtained films anatase is formed as singlephase, regardless of synthesis method. In the case of the vanadium doped TiO2 films, no
V-based compounds were detected within instrumental limits.
It can be seen that the microwave irradiation determines a retardant effect on the films
crystallization. However, the crystallization of the films could already be observed after
2 layers deposition. Also, the effect of the vanadium presence on the crystallization
tendency can be observed. When vanadium is in a higher amount, there is a delay in
crystallization of the anatase phase, for both preparation methods. This effect could be
assigned to the higher amount of organic compounds in the reactions mixtures that
decompose by thermal treatment and the resulted molecules could remain partially
adsorbed on the surface of the nanoparticles hindering their crystallization.
For all the obtained films, the intensity of the X-ray diffraction lines increases slightly
with the number of depositions (from 2 to 5 layers), due to the increase of the films
thickness and their repetitive intermediate thermal treatment.
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The refractive index values determined by spectroellipsometry show little or no variation
in the case of the films prepared by the classic sol-gel method, for the same number of
layers and different V content. However, the microwave-assisted sol-gel method leads to
great changes in refractive index values of both films with 2 and 5 layers, as follows: films
with 0.05 % V in composition present high values of refractive index, while films with
2 % V content have small values of refractive index, even lower than pure TiO2 films.
The microwave-assisted sol-gel method leads also to an increased optical transmission of
the films. The highest transmission (90 %) was achieved for the TVO films containing
0.05 % V.
The stability against gelation was essentially enhanced using the solutions obtained by
microwave-assisted sol-gel method. In this case, some differences in the properties of the
resulted films were observed: (1) a compact and continuous structure with very low
roughness, (2) films with increased thickness and (3) higher refractive index and increased
transmission.
7.4.3.1.2. Influence of the Substrate
Taking into account the necessity of obtaining films on various substrates, including
plastic [55], cotton, and viscose [59], microwave irradiation can be used as a rapid and
efficient method for obtaining and thermal treatment of sol-gel films.
In the present study, V-doped TiO2 5 layers ﬁlms with low content of dopant (0,05 %
vanadium) were deposited on different substrates (microscope glass, microscope glass
covered with a SiO2 barrier layer (glass/SiO2) and silicon wafer with a thermally grown
layer of SiO2) by dip-coating from the solutions prepared by sol-gel and microwaveassisted sol-gel synthesis. The deposited ﬁlms thermally treated at 450 oC, presented
homogeneous and continuous nanostructured surfaces and good adherence to the
substrates used. The SEM micrographs of the films are presented in the Fig. 7.14.
The AFM images of the TiO2 films doped with vanadium 0.05 % mol. (0.03 at.% of V)
prepared by sol-gel (first row) and microwave-assisted sol-gel method (second row) are
presented in the Fig. 7.15. As could be observed, the presence of the dopant leads to
continuous and homogeneous films without clear defects, and a compact structure of
surface grains, which are smaller in the case of Si substrate.
All samples crystallized in anatase phase (Fig. 7.16) and have good optical properties. The
highest transmission value was obtained for the V-doped TiO2 ﬁlms (T > 90 %) (Fig. 7.17)
deposited from solutions prepared by microwave-assisted sol-gel method. Based on the
obtained results it was concluded that the method of preparation has higher inﬂuence on
the properties of the resulted ﬁlms than the substrates used.
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Fig. 7.14. SEM micrographs showing the film cross-section for V-doped samples with five
depositions prepared by sol-gel (left) and MW-assisted sol-gel (right) on glass (top row), SiO2/glass
(middle row) and Si (bottom row) substrates [76] (Reproduced with the permission of Elsevier).

The inﬂuence of the substrate was visible in the variation of the refractive index of Vdoped ﬁlms deposited by microwave-assisted sol-gel method (Fig. 7.18). The refractive
index of the ﬁlms is much higher for the doped ﬁlms deposited on glass from microwaveassisted sol-gel solution.
The sol-gel microwaves treatment had led to increase of the layer thickness, decrease of
the porosity, reducing the surface roughness and increasing optical transmission of the
resulted ﬁlms. The positive inﬂuence of the microwaves on the properties of the coatings
could be assumed to the formation of different and more stable molecular species as
compared to the classical sol-gel method.
The comparative study of the influence of microwaves on the sol-gel preparation of the
TiO2 and V-doped TiO2 films have shown that in the presence of microwaves improved
structure, morphology and properties are obtained.
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Fig. 7.15. Morphology of the TiO2 films doped with 0.05 % Vanadium deposited on glass,
SiO2/glass and Si [76] (Reproduced with the permission of Elsevier).
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Fig. 7.16. X-ray diffraction patterns of the V-doped TiO2 films obtained by sol-gel and
microwave assisted sol-gel method: A - Si (red), B - SiO2/glass (blue) and C -glass (black) [76]
(Reproduced with the permission of Elsevier).
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7.4.3.2. TiO2 and V-doped TiO2 Nanopowders
In order to explain the differences induced by the microwaves in the sol-gel preparation
process, the gels formation and their thermal behavior were analyzed by
thermogravimetric and differential thermal analysis (TG/DTG/DTA) and evolved gas
analysis (EGA), both for undoped TiO2, as well as for TiO2 doped with 0.05 % and 2 %
V2O5, corresponding to 0.03 and 1.12 at% V.
Further, only the results obtained for the TiO2 samples doped with 2 % V2O5 will be
discussed and the corresponding results for sol-gel (SG) derived and microwave (MW)
assisted sol-gel samples are presented in the Fig. 7.19.

Fig. 7.19. TG/DTG/DTA/EGA curves of Ti-V 2 % samples: a SG and b MW [77]
(Reproduced with the permission of Springer Nature).
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In both cases, sol-gel and microwave-assisted sol-gel methods, the thermal decomposition
took place in three decomposition steps and the same gases were evolved.
In both samples, the first step of thermal decomposition started with the evolution of
absorbed water in the same temperature range (60-161 C).
In the second decomposition stage, although the registered mass losses are very similar
for the two samples, the main differences lie in the nature and number of the thermal
effects.
In the DTA curve of the sol-gel sample, three exothermic effects are observed (137, 235,
and 295 C). They could be related to removal of chemisorbed water and carbon dioxide.
The major exothermic peak at 295 C is assigned to simultaneous decomposition of
organic phase and crystallization of anatase.
In the case of the microwave assisted sol-gel method, the decomposition takes place in
the same temperature range, but is more complex (231, 252, 348, 404 C), fact that could
be correlated with the higher number of molecular species present in the gel.
In the third decomposition step, there is no significant change in mass of above 500 C.
It is expected that the different molecular species present in the gels obtained by
microwave-assisted sol-gel method could influence not only the thermal behavior, but also
the properties of the resulted nanomaterials, as it was shown in the chapter.

7.5. Conclusions
Some general considerations on the influence of the microwaves on the sol-gel synthesis
and on the structure, morphology and some properties of the derived oxide nanostructures
are presented.
Data regarding the microwave enhanced drying and sintering of several oxide
nanostructures are also presented.
The literature data have shown that the most studied systems in the presence of the
microwaves are those based on TiO2. Due to this fact, the results of a case study for
undoped and V-doped TiO2 system is also presented.
In both cases, the positive influence of the microwaves on the structure, morphology and
optical properties of the resulted materials was established.
The data presented up to now have shown that microwaves could be used with high
efficiency in oxide nanomaterials preparation by sol-gel method, but systematic studies
on the chemical processes induced by the microwaves should be done.
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Chapter 8

New Heterostructures for Higher Power
Microwave DA-pHEMTs
K. S. Zhuravlev, D. Yu. Protasov, D. V. Gulyaev, A. K. Bakarov,
A. I. Toropov, V. G. Lapin, V. M. Lukashin, A. B. Pashkovskii1

8.1. Introduction
Pseudomorphic AlGaAs/InGaAs/GaAs heterostructures are widely used for the
manufacturing of power pseudomorphic high electron mobility transistors (pHEMT).
Heterostructure construction and growth technology improvements have led to the
improvements in the key parameters of pHEMTs since the first pHEMTs were
demonstrated [1]. Double-side -doping has allowed increasing the concentration of the
two-dimensional electron gas (2DEG) upto 2×1012 cm-2 [2]. Obtaining abrupt and smooth
heterointerfaces of GaAs/InGaAs quantum wells (QWs) (transistor channel) [3, 4],
determination of the dependence of the critical thickness of a QW on indium mole fraction
[5] and the optimal distance between -laysers и QWs [6], application of digital spacers
from superlattices [7, 8] and narrow-gap InAs and wide-bandgap AlAs inserts into QWs
[9-13] have made possible obtaining electron mobility above 7000 cm2(V s)-1 at a room
temperature. However, despite all the efforts made, the power density of pHEMT (pout)
has not exceeded the 1 W/mm threshold in 10÷30 GHz frequency range for a long time
[14-19] (see Fig. 8.1). The key increase in pout has been observed after the creation of the
heterostructures with donor-acceptor doping (donor-acceptor doped pHEMT,
DA-pHEMT) [17] allowing us to increase pout upto 1.6 W/mm [18]. Such an increase in
pout has resulted from introducing into the structure additional potential barriers to enhance
the localization of hot electrons in the InGaAs QWs. Such a change in the heterostructure
construction has allowed us to increase not only 2DEG concentration and channel
conductivity, but increase the saturation drift velocity of hot electrons. It is especially
important for field-effect transistors operating under conditions of strong heating of the
electron gas – in the saturation region of the output current-voltage characteristics.
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Fig. 8.1. Evolution of output power density in X-Ku bands pHEMTs: blue – ordinary pHEMT
[14-19], red – DA-pHEMT [21].

This book chapter shows that donor-acceptor doping used to create localization barriers
makes possible to increase the effective QW depth significantly, up to 800-900 meV,
describes the results of the study of structural, optical and electrical characteristics of
DA-pHEMT heterostructures, discusses the scattering mechanisms limiting the 2DEG
mobility in such heterostructures and demonstrates the parameters of microwave
DA-pHEMTs.

8.2. Enhancement of Hot Electron Confinement in a Channel Layer
by Donor-acceptor Doping
According to the simple estimation [22], the output power of the transistor in class-A
mode is proportional to the product of the maximum achieved drain current into the
maximum achieved source-drain voltage. That is why in heterostructures for power
field-effect transistors efforts to increase the output microwave power density due to the
maximum possible increase product of the channel mobility in a weak electric field on the
2DEG concentration (n2D) are usually made. However, the following parasite effects
appear when the 2DEG concentration increases. Firstly, with an increase in the 2DEG
concentration, a parasitic parallel conduction channel appears along the δ-layers.
According to the difference between the results of Hall measurements and the
concentration determined from the Shubnikov-de Haas oscillation period one can
conclude that this channel appears at a concentration above 2×1012 cm-2 for ordinary
pHEMT heterostructures [23]. The parasite conducting channel leads to the nonlinearity
of the characteristics of a transistor fabricated on such heterostructure [24, 25]. Secondly,
with a fixed distance from the Schottky contact to the channel the n2D increase in the QW
results in an increase in the overlap voltage, and, correspondingly, a decrease in the power
added efficiency (PAE) [22].
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In addition, a disadvantage of the ordinary pHEMT heterostructures is the small QW depth
– less than 300 meV for the In0.165GaAs/Al0.25GaAs heterointerface. In a strong electric
field, the electron energy increases, reaches hundreds of meV and becomes comparable
and even significantly exceeds the QW depth. As a result, the localization of the charge
carriers in the channel layer is substantially weakened and real space transfer (RST) of
hot electrons to surrounding wide-gap semiconductor barrier layers is observed [26]. The
presence of hot electrons in the AlGaAs layers makes a negative influence on the drift
velocity in strong electric fields. Indeed, in the case of a RST the drift velocity decreases
as a result of a strong increase in the hot electron effective mass averaged over the layers
and a significant increase in scattering by the donor impurity potential.
To solve the above-mentioned problems the confinement potential barriers can be
constructed due to donor-acceptor doping [20]. Then, one part of the donors in the -layers
participates in the formation of a barrier for hot electrons in the channel layer and the
remaining part of the donors is a source of electrons in the QW. An increase in the
potential barrier between the QW heterostructure and the substrate due to bulk doping of
the buffer layer by acceptors has been known for a long time [27, 28]. Both an increase in
the 2DEG concentration and an increase in the saturated drift velocity by 20-35 % were
observed in the pHEMT heterostructures. The incorporated pin-structure was also used
[29], although it is very far from the optimal variant. It is important to note the
disadvantages of such bulk doping [27, 28]. They are a relatively smooth slope of the
potential barrier and additional channel of the hot electron scattering by acceptors. As a
result, the bulk doping of the buffer layer by acceptors [27, 28] does not have a noticeable
positive effect on the device parameters and manufacturing of such structures has to deal
with serious technological problems. The pin-structure incorporated from the substrate
side [29] is more advanced: the scattering of hot electrons by acceptors is suppressed due
to the introduction of the i-layer but the large thickness of the i-layer hardly leads to a
weakening in the scattering of hot electrons by the donor potential.
To reduce effectively the scattering of hot electrons and increase the drift velocity of hot
electrons in the initial pHEMT heterostructure with double-side donor -doping the
solution to form the sufficiently high confinement pin-barriers in the acceptor doped
AlGaAs layers that contact with the GaAs inset doped by donors is expected. Whereas an
abrupt barrier potential (as well as a small thickness of the i layer that does not exceed
4-7 nm) at a sufficiently high barrier height (0.6 ÷ 0.8 eV) is provided to minimize the
scattering of hot electrons by the donor impurity potential at the formation of the
confinement barriers. Of course, the sufficiently high doping levels by acceptors (at
5.0×1012 cm-2) and donors (at a level (7 ÷ 10) × 1012 cm-2) are required. A similar solution
may be well used in pHEMT structures with single-side -doping by donors.
The schematic band-gap structure of the developed DA-pHEMT structure with a Schottky
contact is shown in Fig. 8.2.
A typical construction of grown and investigated structures with double-side
donor-acceptor doping of barriers (without top contact n+-layer) are given in Fig. 8.3a.
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Fig. 8.2. The schematic band-gap structure of the DA-pHEMT heterostructure. The locations
of the layers with bulk doping by acceptors and δ-doped GaAs donors are shown.

Fig. 8.3. а) The layer sequence in DA-pHEMT heterostructure with spacer thickness d1 and d2,
standard deviations σ1 and σ2 (thickness) of δ-layers; b) The band diagram and electron wave
functions in DA-pHEMT for d1 = d2 = 3 nm and σ1 = σ2 = 0.5 nm.

8.3. Structural, Electrical and Optical Properties of DA-pHEMT
Heterostructures
The AlGaAs/InGaAs/GaAs pHEMT heterostructures under study (see Fig. 8.3a) were
obtained by molecular beam epitaxy (MBE) on a (1 0 0) GaAs substrate with the buffer
consisting of a GaAs layer 0.4 μm thick and a GaAs/AlAs superlattice. Growth rate and
growth temperature for Al0.25Ga0.75As and InGaAs layers were 0.28 nms-1 and 620 ºC,
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0.24 nm  s-1 and 500-520 ºC, respectively. Deposition of -layers occurred at a
temperature of 530 ºC.
The investigation of the sample structure was carried out by the transmission electron
microscopy (TEM) analysis of the structure cross section method. The measurements
were taken by the electron microscope JEM-4000EX (400 kV) from the JEOL company
(Japan). The samples for the TEM were prepared in the cross-section geometry by
grinding with their subsequent thinning during the etching by Ar+ ion with
3-4 keV energy.
The impurity structure of the samples was analyzed by the photoluminescence (PL) and
second ion mass spectrometry (SIMS) methods. The distribution profile of the basic (Al,
Ga, In) and doping impurity (Be, Si) atoms were determined by the dynamic SIMS by the
IMS-7f (CAMECA) equipment. The Al, Ga, and In profiles were determined by
bombarding samples with primary 133Cs+ ions and recording secondary analytical
diatomic ions of the type 133CsX+ (X = 27Al, 69Ga, 115In). The Be distribution profiles were
determined by bombarding the samples with primary 16O2+ ions and recording the
secondary analytic ions 9Be+. The Si distribution profiles were determined by bombarding
the samples with primary 133Cs+ ions and recording secondary 28Si-, analytic ions, while a
high mass resolution M/M ≈ 4000 was applied to eliminate the mass interference of the
signal between analytic ions and secondary ions 27Al1H-. The quantitative analysis was
carried out with calibration GaAs samples doped by Si and Be.
The YAG:Nd laser with a 527 nm wavelength and a maximal power of 150 mW was used
to excite the PL. The registration of the photoluminescence was measured by a
spectrometer on the basis of a single diffraction monochromator equipped with a Si CCD
matrix. The PL measurement was taken at 77 K. The magnetic field dependencies of the
Hall effect and magnetoresistance were measured by van der Pauw method on 5×5 mm2
samples to determine the concentration (n) and mobility (μ) of the electrons in different
layers of the heterostructure. The Hall effect and magnetoresistance were measured in the
range of the magnetic field from 0 to 2 T at the temperatures of 77 and 300 K when a
direct current was passed through the sample. The maximum value of the pulling electric
field did not exceed 0.5 V/cm. To determine the concentration and mobility of different
kinds of electrons the measured magnetic field dependences of the Hall effect and
magnetoresistance were analyzed using the MSA (mobility spectrum analysis) method
[30] in combination with a multi-carrier fit [31].
The number of charge carrier kinds is determined by the number of peaks in the mobility
spectrum whereas their concentration – by the peak value. The electron mobility has a
negative sign and the mobility of the holes has a positive one. The experimental values
xx(B) and xy(B) are approximated by theoretical expressions for the components of the
conductivity tensor to improve the accuracy of determining the concentration and mobility
of different kinds of charge carriers. In our work such approximation was made by the
method of the least squares with the minimization of the objective function  by the
Hook-Jeeves method [32].
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The TEM results of the AlGaAs/InGaAs/GaAs DA-pHEMT heterostructure with the
double-side donor–acceptor doping are shown in Fig. 8.4. There are no structural defects,
which testifies a high quality of the heterostructures under study. The measurements
obtained by the TEM show the good accordance of the planned and actually obtained
thicknesses of the heterostructure layers. The sharp changes in the intensity on the
heterointerfaces both in the superlattices and in the area of the InGaAs channel testify to
a sufficiently sharp transition from one material to another and smooth interfaces
(see Fig. 8.4(B)).

Fig. 8.4. (A) General view of the cross-section of the DA-pHEMT heterostructure.
(B) The corresponding intensity profile. (C) HRTEM image of the cross-section in the area
of the InGaAs QW in the DA-pHEMT heterostructure.

The high resolution transverse electron microscopy (HRTEM) of the area of the InGaAs
QW in the DA-pHEMT heterostructure is shown in Fig. 8.4(C).The AlGaAs layers of
3 nm thickness and a smoothing GaAs layer of 3 nm thickness are also well resolved in
the area of the bottom spacer. In the area of the top spacer the smoothing GaAs layer is
less observed due to a smaller thickness (1.5 nm) and the indium segregation in the
growing layer. But the InGaAs/AlGaAs heterointerface is rather sharp with the roughness
of the heterointerfaces less than 1 nm, which agrees with the roughness of the
heterointerfaces in the undoped heterostructures [33, 34].
The PL spectra of the ordinary pHEMT and DA-pHEMT heterostructures were studied to
analyze the impurity structure of the samples shown in Fig. 8.5. As one can see from this
figure, the PL spectra of the pHEMT heterostuctures consist of many bands caused by the
optical transitions in different heterostructure layers.
Thus, the ‘DAR’ PL band corresponds to the donor–acceptor transitions in the wide
band-gap AlGaAs barriers, ‘SL’ corresponds to the optical transition in the buffer
GaAs/AlGaAs superlattice and the system of the ‘GaAs’ PL bands located near 1.51 eV
corresponds to the interband and band-impurity transitions in the GaAs layers [35]. The
edge PL of the InGaAs QW is represented in the PL spectra by the ‘I’ and ‘II’ bands
corresponding to the transitions from the first and second electron sub-bands to the first
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sub-band of heavy holes, e1 − h1 and e2 − h1, respectively, and the PL band ‘B’. The
analysis of the PL spectra of the DA-pHEMT heterostructure [36] has shown that the band
‘B’ results from the optical transition with the participation of the beryllium atoms in the
advisedly undoped InGaAs QW (see. Fig. 8.5). This fact testifies to the segregation of the
impurity atoms during the epitaxy growth. However, the applied PL method does not
allow us to determine the concentration of the impurity atoms in the InGaAs QW.

Fig. 8.5. The typical PL spectra of the (1) ordinary pHEMT and (2) DA-pHEMT
heterostructures. The excitation power is equal to 50 mW while the measurement
temperature is 77 K.

Therefore, the pHEMT heterostructures were investigated by the second ion mass
spectroscopy to define the concentration of impurity atoms in an InGaAs QW. The initial
experimental SIMS data representing the dependence of the signal intensity on the output
of the mass-spectrometer (imp./sec.) on the etching time were re-counted by the
corresponding correlation coefficients to the distribution of the impurity concentration
from the etching depth. These coefficients were determined as a result of parallel
measurements carried out on calibration samples of the same material with a known
spatial distribution of the doped impurity.
The obtained profiles of the element distribution in the region of the InGaAs QW in the
DA-pHEMT heterostructures are shown in Fig. 8.6. The position of the InGaAs QW is
easily determined by the distribution of the In atoms whereas the AlGaAs and GaAs layers
are distinguished by the signal intensity of the Ga and Al atoms. The distribution of these
atoms coincides well with the data obtained by the TEM methods.
It should be noted that the established distribution profile of the doped impurity is not
symmetric. The leading edge of this distribution, i.e. located closer to the surface, is found
to be more broadening than the rear one, more distant from the sample surface (see
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Fig. 8.6). Such an effect can be explained by the knock-on effect, i.e. sample atoms mixing
during the ion bombardment [37]. Therefore, the leading edge of this distribution is close
to the real distribution of the interfaces of the impurity layers in the sample. As one can
see from the distribution profiles of the In and Be atoms in Fig. 8.6 the Be concentration
in the InGaAs QW is lower than the resolution of the applied equipment equal
2×1016 cm−3 for Be atoms. The obtained distribution of the silicon atoms in the -layers
indicates that the concentration of the Si atoms on the QW heterointerface in the
DA-pHEMT structure is found close to 1018 cm−3 (see Fig. 8.6), and, therefore, we can
predict the penetration of the Si atoms into the InGaAs QW.

Fig. 8.6. The profiles of the element distribution in the DA-pHEMT heterostructure obtained
by the SIMS method.

From the variable-fields measurements it has been found that the dependencies of Hall
effect on the magnetic field is described by the linear law for both types of
heterostructures, although the slope of this dependence is larger for an ordinary pHEMT
structure (at the same current). A larger slope of the magnetic-field dependence of the Hall
effect indicates a lower concentration of the 2DEG. The positive magnetoresistance in
ordinary pHEMT heterostructures achieves 20 % at the 2 T magnetic field and its
magnetic field dependence is described by the approximately square law. Such a
behaviour reflects the existence of several kinds of electrons with a different mobility in
an ordinary pHEMT heterostructure. Whereas the value of the positive magnetoresistance
in the DA-pHEMT heterostructure is approximately tenfold less, which indicates a
decrease in the electron concentration in the barrier layers in these structures.
The electron parts of the mobility spectra for the pHEMT heterostructures under study
calculated by the above-mentioned magnetic field dependencies of the Hall effect and
magnetoresistance are shown in Fig. 8.7 to better illustrate a presence/absence of parallel
conductivity. The present spectra correspond to the mobility distribution of the carrier
while the carriers of different kinds are shown as separate peaks in the plot. The peak
position illustrates the mobility of the carriers whereas their intensity illustrates the
conductivity of a certain kind of the carrier. As one can see from this figure, there are two
peaks observed in the mobility spectra of an ordinary pHEMT heterostructure, with one
of them caused by the 2DEG in the InGaAs QW and another by the electrons in the
AlGaAs barriers, respectively. Whereas there is only one peak observed in the mobility
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spectra of the DA-pHEMT heterostructure caused by the conductivity of the 2DEG in the
InGaAs QW, the peak from the parallel conductivity is almost unnoticeable.

Fig. 8.7. The electron part of the mobility spectra in an ordinary pHEMT (red dash line)
and DA-pHEMT (blue solid line) heterostructures at 77 K.

However, only approximate values of the electron concentration and mobility can be
defined from the mobility spectrum. Therefore, we used the method of the multi-carrier
fitting of theoretic values of the longitudinal (xx) and transverse (xy) component of the
conductivity tensor to the experimental data. For the ordinary pHEMT heterostructure the
established values of the concentration/mobility of the electrons are given
n1 = (2.44 ± 0.02)  1012 cm-2, μ1 = 16900 ± 100 cm2/(Vs) for 2DEG in the InGaAs QW,
and n2 = (0.7 ± 0.06)  1012 cm-2, μ2 = 1900 ± 300 cm2(Vꞏs)−1 for the electrons located in
a layer with parallel conductivity. Consequently, these values were given
n1 = (3.80 ± 0.02)  1012 cm-2, μ1 = 13900 ± 100 cm2 (Vꞏs)−1 and n2 = (2.3 ± 0.4) 
1011 cm-2, μ2 = 2700 ± 300 cm2 (Vꞏs)−1 for the investigated DA-pHEMT heterostructure.
The errors of the concentration and mobility values were determined by the dispersion of
numerous fittings (about several hundred). Thus, we can conclude that the concentration
of the electrons in the parallel parasite conductivity channel in the DA-pHEMT
heterostructure decreases by five times in comparison with that observed in an ordinary
pHEMT heterostructure. Whereas the application of the additional p+ doped AlGaAs
layers in the heterostructure construction is a promising technique to obtain a high
concentration of 2DEG without the appearance of a corresponding parasite parallel
conductivity via the barrier layers in the structure.

8.4. 2DEG Transport in DA-pHEMT Heterostructures
8.4.1. Model for Scattering Mechanisms in DA-pHEMT Heterostructures
There is a slight decrease in the 2DEG mobility in the InGaAs QW of DA-pHEMT
heterostructures compared with that in ordinary pHEMT heterostructures. To determine
the factors that affect the mobility of DEG in DA-pHEMT heterostructures, a theoretical
analysis of the scattering mechanisms is carried out. The mobility of 2DEG in an InGaAs
QW is determined by a variety of different electron scattering mechanisms, among which
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scattering of electrons by polar optical and acoustic phonons, ionized impurity centers,
alloy disorder, and interface roughness.
In ordinary pHEMT the electrons fill the ground subband only and Fermi level lies below
the first excited subband. If the 2DEG density starts growing, the Fermi level will rise up
and to come nearer to the energy minimum of first excited subband E1. When the
difference between them becomes about kBT, or Fermi level passes over E1 (as in
DA-pHEMT), the electrons in ground subband, with an energy close to Fermi energy, will
have an possibility for transfer after elastic scattering into first excited subband in state
with same energy. Therefore, the intersubband scattering appears even for elastic process
and leads to decrease of 2DEG mobility. In case of multiple subband filling, Sigga and
Kwok [38] showed, that the subband transport lifetimes for elastic scattering mechanisms
are determined by the expression:

K 
ij

j

j

 EFi ,

(8.1)

where EFi  EF  Ei is the Fermi level of ith subband and K ij is the elements of transport
scattering matrix, which can be expressed via corresponding squared matrix elements
2
V ij  q ij  . In [39] the values K ij were defined as:

K ij 

2
 
2
 
    k Fi  ij  Vil  qil   k F j Vij  qij  cos    d  ,
2   0 
l
 

k Fi

(8.2)

where k Fi is the Fermi wave vector in ith subband, θ is the scattering angle and
q ij   k Fi2  k Fj2  2 k Fi k Fj cos   

1 2

is the change in wave vector due to the elastic

scattering from ith to jth subband. In case of two filled subbands one can get the formula
for inverse momentum relaxation time:

1

0



K00  K11  K01  K10 1 K 00  K11  K 01  K10
,
.

EF 0  K11  EF1  K01  1 E F 1  K 00  E F 0  K10

(8.3)

The resulting momentum relaxation time was found for each elastic scattering process
taking into account the subband population:

   0  N 0   1  N1   N 0  N1  .

(8.4)

It was shown by Fletcher et al [39] that in single occupied subband limit the expressions
(8.2), (8.3) converge to well-known expression for momentum relaxation time.
The 2DEG mobility was calculated using the expression   e m * , where average
momentum relaxation time τ was found with help of the Mattheissen rule. All calculations
are performed in Mathcad. When calculating mobility we did not consider the third and
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the subsequent subbands as the electron transitions to them are prohibited in elastic
scattering. We neglect also the small influence of higher subbands on the screening of the
impurity potential as in paper [39].
Usually screening is considered for the long-range scattering mechanisms (Coulomb
scattering), and is not considered for the short-range scattering mechanisms (alloy
disorder and interface roughness scattering, etc.) [40]. However, the QW size variation
due to the interface roughness or local potential change of the QW bottom caused by alloy
disordering leads to the local shift of quantum levels and, consequently, to change in
2DEG density. According to Price [41], the variation of 2DEG density alters the Coulomb
energy per electron, i.e. the screening effect. In this case the relation between screened
V ij  q  and bare Vnm  q  matrix elements is given as follows:
1
Vij  q      ij ,nm   Vnm  q ,

(8.5)

n,m

where εij,nm is the dielectric matrix describing the screening effect for various transitions
between filled subbands. In case of two filled subbands their indexes change in range
i,j,n,m = 0,1 and therefore the order of εij,nm is 4×4. The components of dielectric matrix
are the same as in [39]:

 ij , nm  q    in   jm  qs  q 1  H ij , nm  q   ij  q  ,
where

δin,

δjm

are

the

Kronecker

(8.6)

qs  m*e 2  2 s  0  2 

symbols,

,

 
q z  z '
H ij ,nm  q    dz  dz 'i  z    j  z   e
 n  z '  m  z ' is the form-factor for
0 0
2DEG with subband wave function φ, and the static polarizability matrix  is defined in
the following way [39, 42]:





2
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0
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(8.7)

In the paper [43] the expression for the squared matrix element for ionized impurity
scattering was obtained in case of arbitrary doping profile N(z):
2

. VijIMP  q  

2



 dzi  N  zi       1 
 Fnm  q , zi   ,
2 2 2 
ij
nm
,
2 0  s qij
 n,m

e4

(8.8)
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where εs is the static dielectric permittivity, Fij  q, zi    dzi  z  exp  q z  zi  j  z  is
the form-factor.
For the alloy disorder scattering in InxGa1-xAs QW the following expression for squared
matrix element was used [44]:
AL
ij

V

q

2

x 1  x  a  x   E 2
3



4

2



  dz      1 
 n  z   m  z   ,
ij , nm
 n ,m


(8.9)

where x is the indium mole fraction, a(x) is the lattice constant and ΔE is the alloy
potential. For InGaAs alloys the ΔE value lies in the range of 0.51÷1.15 eV [45], and we
accepted ΔE = 0.8 eV.
In polar semiconductors, including GaAs-based compound, the scattering by acoustic
phonons is governed by two the coupling modes, namely, deformation-potential (DP)
coupling and piezoelectric (PE) coupling. The squared matrix element for deformationpotential coupling is given by [46]:
2

VijDP  q  
2


D 2 k BT 
1
    ij ,nm  I nm  ,
2cL  n , m


(8.10)

where D is the deformation-potential constant, cL is the longitudinal elastic constant, kB is
the Boltzmann constant and Iij is defined by:

   z  exp  iq z   z  dz  
     z ' exp  iq z '  z ' dz ' ,
I ij   iij  qz  dqz   dqz
2

i

z

j

*

i

z

(8.11)

j

where qz is the change of z-component of wave-vector. Using the integral approach of
delta-function and interchanging the order of integration, one obtained:

I ij   i  z   j  z  dz  i*  z '  *j  z '  dz '  exp  iqz  z  z ' dqz 
 2  i2  z  j2  z  dz.

(8.12)

The expression for piezoelectric coupling was deduced from (8.10) by substituting [47]:

D 2   eh14 

2

A  q, qz 
q 2  qz2

,

(8.13)

where h14 is the piezoelectric constant and the coefficient A(q,qz) for zinc-blende
semiconductors being:
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A  q, qz   Al  2 A 

9qz2 q 4

2  q 2  qz2 

3



q 2  q 4  8qz4 
2  q 2  qz2 

3

.

(8.14)

After substituting of (8.13) and (8.14) in (8.10) we got:
VijPE  q  
2

 eh14  kBT
2

2


     1 

ij , nm
 n , m


2

2

 Al
A  inm  qz 

dq

2
  cL c  qij2  qz2 z  .


(8.15)

As the upper interface of InGaAs channel is more smooth, than the lower interface (if one
goes from substrate), we took into account the interface roughness scattering only at the
bottom interface of channel with the coordinate z = zB. The following squared matrix
element was used [48]:
2

2


VijIR  q    2  2 V 2 exp   qij2  2 4       1 
 i  z B    j  z B   ,
ij , nm
 n ,m


(8.16)

where ΔV is the conduction-band offset between AlGaAs and InGaAs layers, Δ and Λ are
the root-mean-square (rms) height and autocorrelation length for the roughness,
respectively. In the equation (8.16) we used subband wave functions instead of their
derivative applying the following correlation V i j   2 2m  di dz  d j dz , since
subband wave functions were calculated directly by self-consistent solving of the Poisson
and Schrödinger equations.
The theory of elastic multi-subband scattering developed in [39] fails in case of the polar
optical-phonon (PO) scattering due its inelastic nature and more complicated iterative
calculation method should be used, see [49], for example. However, for low temperature
the optical phonons density is negligibly small and the rate of PO scattering is not as strong
as at room temperature. We estimated the mobility limited by PO scattering in the
single-subband approximation to be convinced that it has a little effect on total mobility.
At liquid nitrogen temperatures the thermal energy is much less than the energy of optical
phonons in InGaAs. In this case we can neglect by “in-scattering” term in the scattering
process due to emission or absorption of optical phonon and the following expressions for
inverse momentum relaxation time become valid [50]:


1



  0po  1  cos   1  f 0  E  0   N q I  q||  
 PO  E 
0



 1  f 0  E  0      E  0   N q  1 I  q||  d ,

(8.17)

where f0(E) is the Fermi-Dirac distribution function,   E  0  is the step-function,
N q   exp  0 k BT   1

1

is the distribution function for optical phonons with the
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energy   0 , and the functions I  q  and I  q  for 2D scattering of wave vectors in
phonon absorption and emission processes, respectively, determined as:
I  q  







I mn ,2 D  qz 
q2  qz2

2

I mn ,2 D  qz 



dqz 





2 m*
2
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 2 E  E  E    cos      q 2
0
0

 z

dqz

(8.18)
and  0po expressed as:

 0po 

 1
e 2 m* 0
1
  .
2 3
8   0 1  f o  E       s 

(8.19)

Since τpo is energy-depended, for mobility calculation it was averaged as in the paper [50].
The material parameters for InGaAs used in calculation are listed in the Table 8.1.
Since the 2DEG density in the investigated heterostructures is close to 4×1012 cm-2, for
simulations we used the donor density of 6.3×1012 cm-2 and 6.1×1012 cm-2 in the upper
and lower δ-layers, respectively (see Fig. 8.3a). The sheet acceptor density is
4×1012 cm-2 and 4.4×1012 cm-2 in the upper and lower AlGaAs barriers, accordingly.
Therefore, using the electrical neutrality equation, we estimated the 2DEG density:
n2 D   N D   N A  4.0  1012 cm-2. For detailed calculations of the 2DEG density,
heterostructure band diagrams and electronic wave functions φ(z), the consistent
Schrodinger-Poisson solver NextNano was used [55]. It was accepted that all impurities
are ionized.
Since for achievement of the best charge transfer from donors into channel and high
transconductance the spacer thickness d should be as thin as possible, we varied d in the
narrow range of 1÷3 nm. The Al mole fraction in AlGaAs spacers was low (x = 0.25) and
InGaAs channel thickness was rather thin (14 nm), therefore the concentration of
negatively charged DX-centers emerging in AlGaAs barrier in the result of δ-layer
broadening is negligible [56]. So, we did not take into account the decrease of the 2DEG
density due to compensation by DX-centers. The δ-layers profile was described by the
Gaussian distribution:

  z  zci 2 
,
Ni  z  
exp  
2


2

2 i2
i


N i

(8.20)

where σi is the standard deviation (δ-layer thickness) and zci is the position of ith δ-layer,
Nδi is the sheet donor concentration. It should be pointed out that the total concentration
 Ni  z  dz doesn’t depend on standard deviation and is equal to the value listed
in Fig. 8.3a.
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Table 8.1. Values of material constant used in the mobility calculation.
Parameters
Static dielectric
constant
Optical dielectric
constant
LO-phonon energy,
meV
Longitudinal elastic
constant, ×1010 N/m2
Transverse elastic
constant, ×1010 N/m2
Piezoelectric
constant, ×109 V/m
Deformation
potential, eV
Lattice constant, Å
Alloy potential, eV
Conduction-band
offset, meV
Electron effective
mass
Height (Δ) and lateral
autocorrelation length
(Λ) of roughness, Å

InAs

GaAs

12.3

10.89

15.15

12.9

30

30

8.31

12.06

4.54

5.41

-0.44

-1.40

-5.8

-11

6.0583

5.65325

–

–

Linear
interpolation
Linear
interpolation
Linear
interpolation
Linear
interpolation
Linear
interpolation
Linear
interpolation
Linear
interpolation
Linear
interpolation
–

–

–

–

0.026 mo

0.06 mo

–

–

Bowing
parameters
–

In0.165Ga0.835As

Ref.

13.27

51

11.12

51

34.2

51

11.44

51

5.27

51

-1.21

51

-10.1

52, 53

5.7201

51

0.8

45

241

51

0.059 m0

54

 = 5, Λ = 100

–

To estimate the σ variation range we took into account that the σ value depends on both
growth temperature (T) and growth time (t) as:   2 Deff T   t , where Deff(T) is the
effective diffusion coefficient of impurity atoms governed by diffusion and segregation
processes. For silicon δ-doping the growth temperature (Tg) varies from 480 ºC
to 570 ºC [57]. The temperature dependence of effective diffusion coefficients for Si
and Be atoms during MBE growth of GaAs layer was determined in paper [58]. These
dependencies are very precisely described by the following expression
Deff T   1.919  1011 exp  1.052  104 T  (cm2 s-1), where temperature substitutes in
Kelvin. The growth time starting from δ-layer deposition to the ending of growth lies in
the range of 5-10 min for the AlGaAs growth rate of about 1 µm/h. It can be noted, that
the diffusion coefficient in Al0.25Ga0.75As layer is twice as much than that in GaAs layer
[59]. Therefore for Tg = 535 ºC the estimated σ value ranges from 2.3 nm to 3.2 nm. This
agrees well with the thickness of δ-layer (2.2 nm – 3.0 nm) obtained using
magnetotransport
measurements
for
one-side-doped
AlGaAs/InGaAs/GaAs
heterostructures grown at above mentioned temperature [60]. The σ = 1.4 nm and 4.0 nm
values were evaluated for Tg = 480 ºC and 570 ºC, accordingly. The smallest value of
σ = 0.25 nm corresponding to the width of unexpanded δ-layer with the 1 ML thickness
was used for mobility calculation as well.
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8.4.2. Simulation Results and Discussion
In Fig. 8.3b calculated band diagram and wave functions for the ground and first excited
subbands in QW are shown. It is seen from the Fig. 8.3b that due to the supplemental
positive potentials of acceptor layers surrounding channel the effective QW depth
increases. The increase of QW depth allows to enhance significantly the 2DEG density.
Calculation gives the subband densities N0 = 2.3×1012 cm-2 and N1 = 1.6×1012 cm-2 for the
ground and first subbands, respectively. The most part of 2DEG is localized within
channel. Bottom of the ground and first subbands lies at 90 meV and 60 meV below the
Fermi level, correspondingly. Note, that energy gap between these subbands being E0-E1
= 30 meV is lower than that for ordinary pHEMTs (54 meV) with the same QW thickness
[61]. This is due to correction caused by QW bottom bending in presence of high 2DEG
density [62]. The first order correction to 2DEG potential energy is:
 E i   U  z   i  z  dz
2

(8.21)

and ΔE0 > ΔE1 as the result of matching the U(z) and   z  maximum positions for the
2

ground subband.
The effect of δ-layer thickness on band diagram and wave function is shown in Fig. 8.8.
As one can see, the broadening of δ-layer changes very weakly QW band diagram. On the
other hand, the σ increment from 0.25 nm to 4.0 nm leads to 100 meV potential rise in the
center of δ-layers. That occurs due to the diminution of the donor sheet density in these
regions because of δ-layers expansion. As a result, the 2DEG probability density   z 

2

in δ-layers (wave function tail) falls approximately tenfold.
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Fig. 8.8. DA-pHEMT band diagram and wave functions of the ground and first excited subbands
for unexpanded δ-layer with thickness of 0.25 nm (solid red line) and for δ-layer with thickness
of 4.0 nm (dash blue line).

The wave functions obtained by the self-consistent Schrodinger-Poisson solver were used
for mobility calculations within the model described above. Firstly, we calculated and
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ranked the contributions from each scattering mechanisms with the smallest δ-layer
thickness. The obtained results are presented in the Table 8.2.
Table 8.2. 2DEG mobility in DA-pHEMT heterostructure with δ-layer thickness 0.25 nm
for different scattering mechanisms.
Scattering mechanism
Ionized impurity (IMP)
Deformation potential (DP)
Alloy disorder (AL)
Ionized acceptors (IMP2)
Polar optical phonon (PO)
Piezoelectric (PE)
Interface roughness (IR)

Mobility, cm2 V-1 s-1
26,000
83,400
98,450
250,000
620,000
3,205,000
107,000,000

Range
Strong
Strong
Strong
Weak
Weak
Weak
Weak

As one can see from the Table 8.2, all scattering mechanisms can be divided into two
groups characterized by strong and weak scattering. The contribution from piezoelectric
scattering is low due to relatively weak piezoelectric tensor component of InGaAs. The
mobility limited by interface roughness scattering is proportional to L6 2 2 [63], and





for the QW width much more than the roughness height, this scattering mechanism is
negligible. It was found, that the 2DEG mobility limited by ionized acceptors scattering
equals to 250 000 cm2 V-1 s-1 that is much higher than the experimental mobility being
9700-13900 cm2 V-1 s-1 for the 2DEG density of about 4.0×1012 cm-2 at 77 K. According
to SIMS data, Be-doped regions of barriers are separated from QW by thick spacer layers.
The concentration of Be atoms within QW is less than 2×1016 cm-3, therefore the 2DEG
scattering by ionized acceptor is weak. Polar optical phonon scattering is weak due to the
small density of optical phonons at low temperatures. The PO-limited mobility presented
in the Table 8.2 may be lowered if one takes into account the "scattering out" process. We
estimated the lowest value of PO-limited mobility based on the experimental value of
mobility at room temperature being about 5000 cm2 V-1 s-1 in studied DA-pHEMT
heterostructures. We assumed that the room mobility is limited by the PO, IMP and DP
scattering mechanisms. The IMP-limited mobility weakly changes with temperature,
therefore we took the value from the Table 8.2. The calculated value of the DP-limited
mobility at 300 K is 20800 cm2 V-1 s-1. Using the Mattheissen rule the PO-limited mobility
at 300 K was estimated as 8800 cm2 V-1 s-1. When reducing the temperature to 77 K the
PO-limited mobility grows by factor of exp   77 k B  exp   300k B   48 and
exceeds of 420,000 cm2 V-1 s-1.
Similar two-subband transport model was considered by Inoue et al [43] for describing
of 2DEG mobility-QW width dependence for AlGaAs/InGaAs/GaAs heterostructures.
The same results for AL and PO scattering mechanisms were obtained. The higher value
of ionized-impurity limited mobility in paper [43] was explained by lesser donor
concentration, the 2DEG density did not exceed 3×1012 cm-2. The difference between our
and Inoue et al results concerning of DP scattering is caused by choice of weaker squared
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matrix element for this type of scattering in [43]. This is leads to mobility overestimation.
It should be noted, that according to Mattheissen rule the resultant mobility value is quite
close to the lowest value of mobility caused by strongest scattering mechanism. Therefore
the accounting weak scattering mechanisms does not increase the accuracy of calculations
as their influence is comparable with parameter uncertainty of strong scattering
mechanisms. For example, the uncertainty of AL scattering potential (0.51 ÷ 1.15 eV)
leads to scatter of mobility values determined by alloy scattering
(230000 ÷ 45000 cm2 V-1 s-1). Moreover, the values of deformation potential lie in the
range -6.3 ÷ 18.3 eV and -5.1 ÷ 11.7 eV for GaAs and InAs, correspondingly [54].
Hereafter, we will discuss the strong scattering mechanisms only.
The part of ionized donors comes closer to QW as a result of δ-layers broadening and,
therefore, reduces effective spacer thickness d. It is known, that the Coulomb scattering
by charged donors increases as d cubed [64]. We investigated theoretically the influence
of δ-layers broadening on transport properties of DA-pHEMT heterostructures. For this
purpose we calculated the dependence of 2DEG mobility on the standard deviation of
δ-layers. In Fig. 8.9 the calculated dependences are shown for three spacer thickness.
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Fig. 8.9.The influence of δ-layers broadening on 2DEG mobility for different spacer thickness,
dsp = 1, 2, 3 nm (blue, green and red colors, correspondingly). Solid lines – total mobility, other
types of line show contributions from individual scattering mechanisms: dashed lines – ionized
impurity, dotted lines – deformation potential and dash-dotted lines – alloy disorder.

The d value was varied in the narrow range of 1 ÷ 3 nm. The smallest σSi = 0.25 nm value
was used for mobility calculation as modeling of unexpanded δ-layers with the width of
1 monolayer. We accepted that the thicknesses of the upper and lower spacers are
identical: d = d1 = d2. It is seen from Fig. 8.9 that for the maximal spacer thickness 3 nm
the 2DEG mobility doubles (solid red line) when σSi decreases from 4.0 to 0.25 nm. The
main contribution is made by the scattering by ionized donors. This scattering mechanism
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reduces the IMP-limited mobility almost three times with σSi increase. The decrease of
2DEG mobility with σSi value increase is caused by the enhancement of impurity atoms
migration towards to the channel, where electron probability density is higher. As a result,
the matrix element VijIMP  qij  value increases and the mobility drops. For smaller spacer
thickness the major part of impurities is initially located near QW, therefore the 2DEG
mobility limited by ionized-impurity scattering weakly depends on the σ value and tends
to saturate at the magnitude of 5500 cm2 V-1 s-1. Alloy disorder and deformation potential
scatterings very weakly depend on both δ-layer and spacer thicknesses.
We propose the following approaches for the weakening of Coulomb scattering and
increasing 2DEG mobility in DA-pHEMT heterostructure. First, one can lower the growth
temperature of layers in order to reduce the δ-layers broadening. However lowering the
temperature troubles the two-dimensional growth of subsequent layers, especially if they
contain aluminum. Second, it is possible to compensate bend QW bottom by growth of
graded-gap InGaAs layer to enhance the energy gap between ground and first subbands
in order to lower intersubband scattering [62]. As one can see from Fig. 8.10, for the
parabolic variation of indium mole fraction from x = 0.165 on the QW border to x = 0.29
in the QW center, the rectangular energy profile of QW can be obtained. As a result the
ground level decreased by 18 meV relatively its position in uniform QW and the first
excited subband level raised by 3 meV. The energy gap between these subbands increased
up to 52 meV. The 2DEG mobility, limited by ionized impurity scattering, alloy disorder
scattering and deformation potential scattering, increased by ΔμIMP = 2500 cm2 V-1 s-1,
ΔμAL = 58900 cm2 V-1 s-1, ΔμDP = 121000 cm2 V-1 s-1 in comparison with the values from
Table 8.2 due to the reduction of intersubband scattering. In this evaluation we took into
account the electron effective mass reduction due to the increase of indium mole fraction,
2
calculated as follows: me*   mex  z   dz . Besides, the integrand x(1-x) and a(x)3 in the
equation (8.9) for the matrix element of alloy disorder scattering was varied. However,
we did not take into consideration the accumulation of the elastic strain in graded-gap
QW, which causes mobility decrease in practice [62]. Third, δ-layers from every side of
QW can be split in two δ-sublayers with the total donor density in the nearest to QW
δ-sublayers being equal to the 2DEG density. The donor concentration in the remoted
from QW δ-sublayers should be close to the net acceptor concentration for the best
compensation. Calculation shows that δ-layer splitting does not lead to noticeable change
in potential diagram or subband wave functions in QW region, nevertheless 2DEG
mobility is greatly improved. The calculated 2DEG mobility for various δ-layers splitting
is presented in Fig. 8.11. It is seen from the figure, that the 1 nm and 2 nm splitting of
δ-layers with 3.4 nm width improves mobility by 16 %, and 32 %, accordingly. This
mobility enhancement is connected with a decrease in the scattering by ionized impurities
due to the increase in the effective thickness of spacer. Indeed, mobility limited by
scattering on ionized donors in δ-layers with 3.4-nm standard deviation improves from
11230 cm2 V-1 s-1 for zero splitting to 16600 cm2 V-1 s-1 for 2-nm-splitting, while another
two strong scattering mechanisms grows slightly – by less than 8 %.
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Fig. 8.10. Changes of band diagram, subband wave functions and energy of electron levels under
variation of indium mole fraction x in QW. The solid red line for constant indium mole fraction
x = 0.165, dash blue line for parabolic variation of indium mole fraction.
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Fig. 8.11. The influence of δ-layers splitting on 2DEG mobility: dash-dot red line is unsplitted
δ-layers, solid green line is 1 nm, dash blue line is 2 nm distance between δ-sublayers.

8.4.3. Comparison with Experimental Data
The growth of DA-pHEMT heterostructures under investigations and used experimental
methods for their properties research were described in detail in Part 3. Two samples
(1 and 2) differing in terms of the growth conditions of the spacer layers were studied.
Depth profiles of basic element atoms and dopant atoms for the heterostructure samples
under study are shown in Figs. 8.12a and 8.12b. The QW position is identified by the
distribution of indium atoms, GaAs and AlGaAs layers differ in terms of the Ga and Al
atom concentration. The obtained distribution of basic elements is consistent with the
heterostructure design shown in Fig. 8.3a. The beryllium-atom concentration in the QW
region does not exceed 4×1016 cm–3, which allows one to speak about the practically
complete absence of this impurity in the DA-pHEMT heterostructure channel. The silicon
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depth profiles in the δ layers and beryllium in the AlGaAs layers are rather strongly
broadened and asymmetric: the side closest to the surface is sharper than the side adjacent
to the substrate.
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Fig. 8.12. Depth profiles of the atomic concentrations of the basic elements (Ga, Al, In are shown
by green solid, red dash-dotted, and blue dotted curves, respectively) and dopant atoms
(Be: red circles, Si:red triangles). The Gaussian approximation for silicon is shown by a blue thin
solid curve: (a) sample 1; (b) sample 2.

Profile broadening is caused by impurity segregation and diffusion during heterostructure
growth, and the extended profile is caused by impurity-atom displacement during material
sputtering by primary ions, i.e., the knock-on effect, and does not correspond to the actual
impurity profile. The obtained impurity-atom distributions were approximated by
Gaussian curves (8.20).
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To eliminate the knock-on effect, only the leading edges of the distributions were
analyzed. Expression (8.20) contains three fitting parameters. To reduce the number of
simultaneously determined variables and to improve the approximation accuracy, the
concentration Ni was determined independently by numerical integration of the
dependences shown in Fig. 8.12. Furthermore, integration made it possible to eliminate
both the knock-on effect on N and sample etching nonuniformities. Then, using
expressions (8.20), an objective function, which was minimized by the least-squares
method according to the Hooke-Jeeves algorithm [32] using σi and zci as varied
parameters, was constructed. The parameters of the donor distribution profile in σ layers,
obtained in such a way, are shown in Table 8.3.
Table 8.3. Parameters of the donor distribution profile.
Parameter
Total concentration Ni, 1012 cm-2
Standard deviation σi, nm
Profile peak position zci, nm

Sample №1
Upper
Lower
δ-layer δ-layer
6.3
6.1
5.0
3.4
92
116

Sample №2
Upper Lower
δ-layer δ-layer
5.8
5.9
3.9
2.5
91
112

To estimate the reliability of the obtained parameters, the set and measured distances
between the doped layers were compared. The set distance between the δ-layers in the
heterostructures should be 25.8 nm (at a GaAs single-layer thickness of 0.28 nm); the
distance between the acceptor-layer centers should be 49.2 nm. For the samples under
study, the distance between the δ-layers was calculated using the impurity distribution
parameters given in Table 8.3. For samples 1 and 2, the distances obtained are 24 and
21 nm. The distances between the acceptor layer centers, determined by Figs. 8.12a and
8.12b, are 46 nm for both samples. These values are in rather good agreement with the set
values. The results of the study of a sample by high-resolution transmission microscopy
(see part 3) yield a distance between δ layers of 26.8 nm which is close to the above values.
The silicon concentration in the δ layers for both samples is also in good agreement with
the set value of (6-7)×1012 cm–2.
Hence, the electrical activation coefficient of silicon is almost 100 % which is consistent
with the results of [65] in which complete silicon activation was observed up to an atomic
concentration of 1013 cm–2. It is rather difficult to estimate the reliability of determination
of the standard deviation. Simple estimation by the profile half-width at half maximum
(PHWHM) yields 3.7 nm/5.9 nm and 3.4 nm/5.9 nm for the upper and lower acceptor
layers for samples 1 and 2, respectively. When using the normal distribution to
approximate the acceptor profiles, we obtain standard deviations of 3.1 nm/5.4 nm and
3.7 nm/5.6 nm for the upper and lower layers of samples 1 and 2, respectively. The
PHWHM is related to the standard deviation by the simple relation h = 2 ln 2 ≈
1.177σ. Hence, these estimates of σ by the PHWHM and the fitting data for the acceptor
layers are in good agreement with each other. For δ-n layers, such simple estimation yields
significantly different results, 4.3 nm/2.5 nm and 3.4 nm/2.3 nm for the upper and lower
δ layers of sample 1 and 2, respectively. Such a difference from the values given in
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Table 8.3 can be explained by the fact that it is rather difficult to determine the peak
position of the impurity distribution in a very thin layer, since it is strongly distorted
during measurements due to the “knock-out” effect. The maximum difference between
the results of simple estimation and fitting allows estimation of the range of possible
values of the standard deviation of the δ-layer profile as ± 0.4 nm from the values given
in Table 8.3.
As is known, ionized atoms arranged closer to QWs have a significant effect on the 2DEG
mobility. Such atoms are on the right slope of the upper profile and on the left slope of
the lower profile of the silicon-atom distribution in the δ layers. However, the standard
deviation σi was determined only for the left slopes of the lower δ layers. It follows from
Figs. 8.12a and 8.12b and Table 8.3 that σi for the left slope of the δ-layer for both samples
is larger than that of the corresponding slope of the lower δ-layer. Since these layers were
grown at the same temperature, the cause of such a phenomenon is unclear. Meanwhile,
the distribution of impurity atoms in the δ-layer should be asymmetric, since impurity
atoms propagate against the growth direction (right slopes) only due to diffusion;
propagation in the growth direction (left slopes) occurs due to both impurity diffusion and
segregation. Hence, it can be assumed that the standard deviation for the right slope of the
upper δ-layer does not exceed the value obtained for the left slope of the lower δ-layer.
Therefore, in what follows, the 2DEG mobility was calculated using identical standard
deviations for both δ-layers, equal to σi for the left slope of the lower δ-layer.
The results of the variable magnetic field Hall measurements shown, that one peak is
clearly seen in all spectra mobility, which is located in the region of mobilities
characteristic of 2DEG mobility. There are no additional peaks reflecting the effect of
parallel conductance in the mobility spectra.
To determine more accurate densities and mobilities of 2DEG and electrons in the parallel
conducting layer, the method of multi-carrier fitting was used. It was obtained, that the
use of two types of electrons allows adequate description of the magnetic-field
dependences of the conductivity-tensor components. The obtained electron densities and
mobilities are given in Table 8.4. The errors of the obtained parameters were determined
statistically by results of no less than 300 minimizations; therefore, they reflect only the
objective-function-minimization error.
Table 8.4. Electron density and mobility in DA-pHEMT layers of heterostructures.
№
1
2

Temperature, К
77
300
77
300

2DEG
μ, cm2V-1s-1
1012 n, cm-2
10070 ± 50
3,87 ± 0,02
4600 ± 50
4,01 ± 0,06
14030 ± 65
3,52 ± 0,03
5200 ± 40
3,59 ± 0,04

Parallel conducting layer
μ, cm2V-1s-1
1012 n, cm-2
2800 ± 200
0,33 ± 0,03
1700 ± 420
0,39 ± 0,05
5600 ± 810
0,34 ± 0,03
1900 ± 350
0,42 ± 0,02

To calculate the 2DEG mobility, the following values of the root-mean-square deviation
of the silicon distribution profile in δ layers were used: 3.4 nm for sample 1 and 2.5 nm
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for sample 2. The mobility calculation results at a temperature of 77 K are listed
in Table 8.5.
The calculated results show that the 2DEG mobility in DA-pHEMT heterostructures at
low temperatures is limited by scattering at ionized donors. The mobility of electrons in
two occupied subbands differs weakly. Therefore, in the analysis of the magnetic field
dependences of the Hall effect and magnetoresistance, these electrons do not appear as
separate peaks in the mobility spectrum.
The 2DEG mobility in sample 2 upon a decrease in temperature from 300 to 77 K
increased to a greater degree than in sample 1. Therefore, it could be argued that the effect
of scattering at ionized donors, which dominates at low temperatures, decreased in
sample 2. This is due to an increase in the effective spacer-layer width, since the standard
deviation of the δ-layer profile is 2.5 nm in sample 2 and 3.4 nm in sample 1. Then, at the
same spacer-layer thickness, the distance from the δ layers to the 2DEG in sample 2 will
be larger than in sample 1. At room temperature, scattering at ionized donors is the second
largest after scattering at polar optical phonons (see above); therefore, its effect is weaker
and the difference between the 2DEG mobilities in samples 2 and 1 is smaller.
Table 8.5. Calculated 2DEG mobilities in DA-pHEMT heterostructures at 77 K.

№

1

1 subband
2 subband

2

1 subband
2 subband

Scattering mechanisms limiting the mobility
Ionized
Deformation
Alloy disorder,
donors,
potential,
cm2V-1s-1
cm2V-1s-1
cm2V-1s-1
11334
82267
84883
12044
78584
106930
17375
18828

80385
75402

82773
103836

Resulting
sample,
mobility,
cm2V-1s-1
8825
9420
9070
12184
13356
12648

The calculated total 2DEG mobilities (see Table 8.5) obtained using the δ-layer
parameters are in good agreement with the experimental 2DEG mobilities from Table 8.4
for T = 77 K. Thus, it was experimentally and theoretically shown that a decrease in the
DA-pHEMT δ-layer spreading leads to an increase in the 2DEG mobility. Certainly,
achieving complete agreement between the theoretical and experimental 2DEG mobilities
could be attempted by varying the standard deviation of the δ layers within the range of
±0.4 nm estimated above. The dependence of the 2DEG mobility on the standard
deviation, given in Fig. 8.9, shows that the mobility can be increased by 1000 cm2/(V s)
for sample 1 and by 2000 cm2/(V s) for sample 2 by such σ variation. At the same time,
the calculated mobilities can also be matched with experimental choice of the deformation
potential D and the alloy potential ΔE defining the scattering intensity on the deformation
potential and the alloy potential, respectively. For example, when varying the alloy
potential in the range of 0.51-1.15 eV, which is given for InGaAs in [45], the mobility
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limited by scattering at alloy inhomogeneities will vary from 23000 to 45000 cm2/(V s).
Similarly, a large spread is inherent for the deformation potential: from –6.3 to –18.3 eV
for GaAs and from –5.1 to –11.7 eV for InAs [54]. Therefore, such matching of the
mobilities is beyond the scope of this chapter.
The predicted above effect of δ-layers splitting can be seen from the Table 8.6.
It can be seen from Table 8.6 that in comparison with ordinary pHEMT heterostructures,
DA-pHEMT heterostructures increase in concentration and reduce the mobility of the
2DEG. The splitting of δ-layers makes it possible to increase the mobility of the DEG
almost to the values of the usual pHEMT at substantially higher concentrations.
Table 8.6. 2DEG density and mobility for investigated heterostructures for 300 K and 77 K.
300 K
№
1
2
3
4
5
6

77 K

Description

n,
n,
μ, cm2V-1s-1
μ, cm2V-1s-1
×1012 cm-2
×1012 cm-2
pHEMT
2.5
7070
2.7
19500
pHEMT
2.6
6900
–
–
DA-pHEMT
3.7
4150
–
–
DA-pHEMT
3.4
4770
3.7
11000
splitted DA-pHEMT
4.0
6600
4.0
21200
splitted DA-pHEMT
3.9
6590
4.0
19600

8.4.4. 2DEG Transport in High Electric Fields
The characteristics of pHEMTs are not only determined by conductance of the transistor
channel in a weak electric field, but also depend on its variation with increasing field
strength. Because of small transistor dimensions, the regime of a strong electric field is
already achieved at small applied voltages and, hence, the field dependence of the
electron-drift velocity determines the properties of microwave transistors to
a significant degree.
In this part results of a comparative investigation of the field dependence of electron drift
velocities in usual pHEMT and DA-pHEMT heterostructures are present at 300 K. In
addition, electroluminescence (EL) spectroscopy measurements in these heterostrutctures
were used to study the RST effect [26] of electric-field-heated (hot) electrons from QW
to surrounding wide-bandgap barrier layers.
In order to increase the reliability of experimental results, three pairs of heterostructures
with identical design grown under same conditions (see, Table 8.6, pHEMT no. 1 & 2 and
DA-pHEMT no. 3 & 4 and 5 & 6) were studied. In DA-pHEMT no. 5 & 6, the Coulomb
scattering was additionally suppressed by subdividing each δ-doped layer into two parts
spaced by 2 nm.
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Field dependences of the electron-drift velocity were measured on rectangular
mesa-structures manufactured by photolithographic techniques, which comprised sets of
two parallel Ge/Au/Ni/Au ohmic contacts spaced by (length×width) 6×200-, 15×200-,
50×200-, 150×600-, and 500×2000-μm gaps. The current–voltage (I–V) characteristics
were measured in pulsed electric fields at an 800-ns pulse duration and 5-ms repetition
period. The shape and amplitude of voltage and current pulses were controlled using a
Tektronix TDS 3034 four-channel 300-MHz digital oscilloscope. The electron-drift
velocity as determined under assumption that 2DEG concentration in the electric field
remained unchanged. In this case, the field dependence of the electron-drift velocity could
be calculated as v(E) = I(E)/qnsw, where w is the sample width. The EL excitation in
heterostructures studied was also produced by 800-ns current pulses. The EL spectra were
measured at 300 K using a single spectrometer based on diffraction monochromator with
a silicon CCD matrix.
The field dependences of the electron-drift velocity were calculated using the I-V curves
of samples with minimum length, since this leads to decreasing amplitude of charges
induced by a large electric field in a wide-bandgap barrier [66]. In addition, data were
selected for which the conductance at small field strengths corresponded to the dc
conductance. These conditions were valid for I-V curves of 15-μm-long samples.
Fig. 8.13 presents field dependences of the electron-drift velocity calculated in this case.
As can be seen from these data, saturation of the electron drift velocity in the samples
studied begins in fields above 2000-3000 V/cm. The value of saturated electron-drift
velocity in a pHEMT-HES is about 8.6×106 cm/s, whereas that in a DA-pHEMT
heterostructures is 1.2-1.3 times greater and falls within (1.0-1.1) ×107 cm/s. Note that the
maximum saturated electron-drift velocity in a DA-pHEMT is observed in
heterostructures with split δ-layers.
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Fig. 8.13. Field dependences of the electron-drift velocity in studied samples (see Table 8.6):
(1, 2) pHEMT no. 1 and 2, respectively; (3–6) DA-pHEMT no. 3–6, respectively.

For determining the physical reasons of this growth in saturated electron-drift velocity
with increasing effective QW potential barriers, we have measured the EL spectra of
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heterostructures of the two types (pHEMT and DA-pHEMT, see Fig. 8.14). As can be
seen from Fig. 8.14, the EL spectra of both heterostructure types exhibit dominating bands
I and II related to optical transitions from the first and second electron subbands to the
first subband of heavy holes: a1–h1 and e2–h1, respectively. It should be noted that, as
the electric field intensity increases, the spectra of pHEMT exhibit well-resolved bands
related to the transitions in GaAs (1.4 eV) and AlGaAs layers (Fig. 8.14), whereas no such
bands are observed in the spectra of DA-pHEMT.
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Fig. 8.14. Typical EL spectra of pHEMT (no. 1) and DA-pHEMT (no. 3) measured
at a pulsed-current amplitude of 1 A.

Fig. 8.15 shows plots of the integral EL intensity of bands related to the recombination of
carriers via QW levels versus current passing through the studied heterostructures. For the
comparison, this figure also presents this plot for a band related to recombination in the
GaAs layer. As can be seen, the intensity of EL from QW in pHEMT heterostructures is
saturated at a current of 0.3 A, while the intensity of EL from the GaAs layer keeps
growing. It should be noted that a drop in the EL intensity of GaAs layer at 1 A was related
to pre-breakdown effects, since the subsequent increase in the current led to breakdown
of the sample. In contrast, the intensity of EL from QW of DA-pHEMT heterostructures
kept growing up to the maximum current of 1.2 A. This difference in dependences of the
EL intensity of QW in pHEMT and DA-pHEMT heterostructures on the current
(proportional to the applied electric field) is indicative of a significantly greater potential
barrier height in the latter case that hinders delocalization of electrons from QW in strong
electric fields.
The obtained value of growth in the saturated electron-drift velocity at increased QW
depth (on the passage from a pHEMT- to a DA-pHEMT heterostructures) is smaller than
that estimated previously in [67] from the analysis of small-signal characteristics of
microwave transistors, where it was believed that there are two reasons for this increase
in the latter case: (i) suppression of RST and (ii) drop in the rate of electron scattering on
polar optical phonons in QWs with 10-15 subbands of dimensional quantum confinement
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(related to limitations of the electron wavevector variations), and it was assumed that the
contributions of these mechanisms are approximately equal. While the RST suppression
is confirmed by results of the present investigation, the second factor is not as evident. An
increase in the number of quantum confinement levels in a DA-pHEMT heterostructures
does not lead automatically to a decrease in the rate of scattering. In a DA-pHEMT
heterostructures under thermal equilibrium conditions, the first two subbands of
dimensional quantization are filled so that electrons even in the weak electric field can be
transferred from one subband to another due to elastic scattering mechanism (see above).
The intersubband scattering – both elastic and inelastic (due to the interaction with polar
optical phonons) – will be enhanced upon heating by the electric field because the number
of filled subbands increases as a result thermal excitation of electrons. Therefore, a correct
answer concerning the influence of the number of dimensional quantization subbands on
the rate of hot electron scattering can be only obtained upon thorough Monte-Carlo
modeling of the process of electron transfer in DA-pHEMT heterostructures.
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Fig. 8.15. Plots of the integral EL intensity vs. current for pHEMT-HES (no. 1)
and DA-pHEMT-HES (no. 3). Curves 1 and 3 correspond to the emission from QW
of the InGaAs layer, curve 2 shows the emission from QW of the GaAs layer.

8.5. Parameters of the Microwave DA-pHEMTs
The DA-HEMT heterostructures with the electron mobility μe = 5300 cm2V-1s-1 and
density n2D = 4.0×1012 cm-2 were used to fabricate the microwave transistors. The power
field-effect transistors with an offset gate of 0.4-0.5 μm in length with a total gate width
of 0.8 mm were made on those heterostructures by the technique [68] (see Fig. 8.16). It
should be noted that in the first experiments a transistor with a typical trapezoidal gate
rather than a transistors with a T- or L-shaped gate was used. Previously, transistors
manufactured by this technology on ordinary pHEMT heterostructures demonstrated an
output power density of less than 1 W/mm (usually 0.8  0.9 W/mm) at a frequency of
10 GHz. The output power density of 1 W/mm was demonstrated only by the pHEMT
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transistors with an L-shaped gate at the effective gate length of about 0.15 μm, but it must
be taken into account that the metallization resistance of an L-shaped gate is several times
lower than that of a trapezoidal one.
The gate-to-drain distance was increased to improve the breakdown voltage. The ohmic
source and drain contacts were formed in special grooves, which provided a direct contact
to the InGaAs channel layer through their sloping side walls. The source resistance was
2 ohms, the saturation voltage was 2.5 V and the breakdown voltage was 16 ÷ 18 V for
the manufactured transistors.
The typical dependences of the drain current and transconductance upon the gate voltage
in the region of maximum saturation current are shown in Fig. 8.17 for an ordinary HEMT
and in Fig. 8.18 for a DA-pHEMT. The calculated values of the drain current and
"internal" transconductance of the transistor recalculated on the assumption of zero source
resistance are shown in the same figures.

Fig. 8.16. Photo of the transistor under study.

As one can see from Figs. 8.17 and 8.18 the transconductance dependence upon the gate
voltage in DA-HEMT is almost symmetrical with respect to its maximum in comparison
with that in an ordinary HEMT. However, the value of the transconductance is a bit
smaller and the enhancement of the maximum saturation current is not high enough: it
only amounts to 10-15 %. It can be also seen well that in DA-HEMTs, the source
resistance obtained is high – it greatly changes the form of the dependence of the
transconductance upon the gate voltage, which makes it almost constant over a wide range
of voltages.
For microwave measurements, the transistors were mounted in a measuring cell with a
line impedance of 50 Ω and inserted into a special holder with input and output matching
transformers. The input transformer allows excluding the influence of the gate-source
capacitance shunting the transistor input, whereas the output matching transformers
279

Advances in Microelectronics: Reviews, Volume 2

enables to obtain the maximum output microwave power by converting the output line
impedance into a transistor resistance equal to the characteristic value
U D max  U sat  J D max . Here U D max is the breakdown voltage between the drain and the
source of the locked transistor, U sat is the saturation voltage at the maximum drain
current J D m ax (under a direct gate bias). When measured, only the losses in the
connection lines were taken into account, whereas the losses in the matching transformers
were not taken into account (it was estimated that for transistors with a gate width of more
than 4 mm they could be up to 15 %, for transistors with a smaller gate width no estimates
were made).
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Fig. 8.17. Drain current (squares) and transconductance (solid and dashed line) of the ordinary
pHEMT under direct measurement (red) and normalized to zero source resistance (blue).
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Fig. 8.18. Drain current (squares) and transconductance (solid and dashed lines)
of the DA-HEMT under direct measurement (red) and normalized to zero source
resistance (blue).
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The drain voltage transistors under study were varied in the range of 8-9 V. As one can
see from Table 8.7, the transistors demonstrated the output power density more than
1.6 W/mm, the gain more 9 dB and the PAE about 50 % at a frequency of 10 GHz in the
continuous wave (CW) mode. In the pulsed mode (pulse duration  = 10 μs, duty cycle
Q = 4), the results (Table 8.8) look even more impressive: the value of the output
microwave power density is shown to be more than 1.8 W/mm at a frequency of 10 GHz.
Table 8.7. Parameters of DA-pHEMTs in continuous mode.
№

Pinput, mW

Poutput, mW

КP, dB

Idrain, mA

Udrain, V

PAE

Poutput/Wg,
W/mm

1.

30
150
150

455
1150
1280

11.8
8.8
9,3

210
260
270

9
8
9

50
46

1,44
1,60

30
150
150

460
1135
1300

11,8
8,8
9.4

220
245
255

9
8
9

50.3
50.1

1,42
1,63

30
150
150

460
1145
1310

11,8
8,8
9,4

240
240
245

9
8
9

51,8
52,6

1,43
1,64

2.

3.

Table 8.8. Parameters of DA-pHEMTs in pulse mode.
№

Pinput, mW

Poutput, mW

КP, dB

Idrain, mA

Udrain, V

PAE

Poutput/Wg,
W/mm

1.

30
150
150

500
1320
1420

12.2
9,4
9,8

250
260
290

9
8
9

56
46

1,65
1,78

30
150
150

490
1300
1430

12,1
9,4
9.8

230
260
275

9
8
9

55.2
51.7

1,62
1,79

30
150
150

505
1310
1450

12,2
8,9
9,8

250
265
285

9
8
9

54,7
50,7

1,63
1,81

2.

3.

It should be noted that the structure under study is purely experimental and has been
developed on the basis of the experience in the development and application of
heterostructures with no localizing barriers with typical layer thicknesses and surface
electron densities in the channel. It is only intended to detect a possibility of manifesting
the expected useful physical and device effect. Therefore, we can assume that it is only
optimization of the structure that allows increasing the power density up to 2 W/mm. As
mentioned above, the experiments have been performed on an ordinary commercially
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available high-power transistor with a trapezoidal gate. According to our extremely
pessimistic estimation, we expect that the use of a T-shaped or L-shaped gate with a length
of less than 0.25 μm (in conditions of a sufficiently good heat dissipation) will additionally
increase the output microwave power density, gain and PAE and allow reaching the next
level by the transistor parameters at the frequency of 10 GHz: power density more than
2.5 W/mm, saturation gain of more than 13 dB and PAE for maximum power of 55-60 %.

8.6. Conclusions
Thus, the investigation of the structural, transport and optical properties of the new
perspective type of the pseudomorphic AlGaAs/InGaAs/AlGaAs heterostructures with the
donor-acceptor doping of the barriers was carried out. It was established that the
application of the additional p+-doped layers allows a significant increase in the 2DEG
concentration. It should be noted that, despite the high 2DEG density (~4×1012 cm–2),
parallel conductance is almost lacking in DA-pHEMT heterostructures: the electron
density in the parallel conducting layer does not exceed 11 % of the 2DEG density, and
the electron mobility is lower than the 2DEG mobility by a factor of more than 2.5. It was
determined that the beryllium concentration in the advisedly undoped InGaAs QW does
not exceed 2×016 cm−3 in spite of the Be segregation from the p+-doped barriers during the
epitaxy growth. The effect of the spatial distribution of dopant atoms in δ-layers of
DA-pHEMT heterostructures on the 2DEG mobility was studied to optimize these
heterostructures. The spatial distribution of dopants (silicon and beryllium) in
DA-pHEMT heterostructures was determined by the SIMS method. The total silicon
concentration in the δ layers and their arrangement are in quite good agreement with those
specified during growth. To determine the δ-layer profile width, the silicon-atom
distributions were approximated by a normal distribution; as a result the standard
deviations σ were determined. It was shown that σ was decreased from 3.4 to 2.5 nm by
choosing the growth conditions.
The theoretical model for 2DEG mobility calculation in AlGaAs/InGaAs/GaAs
heterostructures with two filled electron subbands is presented. The low-temperature
2DEG mobility limited by various scattering mechanisms in novel modulation doped by
donors and acceptors DA-pHEMT heterostructures is calculated. It is shown that the
experimental 2DEG mobility value in DA-pHEMT heterostructure is close to the value
calculated taking into account the real impurity profile. It is obtained, that the 2DEG
mobility is mostly determined by scattering by ionized impurities, alloy disorder and
deformation potential, whereas scattering by piezoelectric mode, interface roughness and
polar optical phonons is negligible. It was found that the decrease in the 2DEG mobility
in these structures does not result from the electron scattering by the Be ions, and therefore
the application of the additional p+ doped by the beryllium layers. It was shown that a
minor decrease in the 2DEG mobility is explained by the increase in the electron scattering
by the Si ions due to the increase in the doping level in the δ-layers. The 2DEG mobility
strongly depends on the δ-layers width which is governed by the migration of impurity
atoms during growth of heterostructures. Few approaches for the 2DEG mobility
enhancement are discussed. The predicted 2DEG mobility enhancement as a result of
δ-layers splitting in the δ-sublayers is verified experimentally.
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Thus, it has been established that increase in the QW depth in heterostructures with
additional acceptor layers leads to growth in the saturated electron-drift velocity by a
factor of about 1.2-1.3: from 8.6×106 cm/s in ordinary pHEMT heterostructures to
(1.0-1.1)×107 cm/s in DA-pHEMT heterostructures. Results of measurements of the field
dependences of electron-drift velocity and electroluminescence spectra confirm the
suppression of real-space transfer in the latter case.
The results of the development of powerful DA-pHEMT based on gallium arsenide
substrate with an optimized quantum well and confining potential barriers formed by
acceptor layers are presented. Transistors with a gate length of 0.4-0.5 μm and a total gate
width of 0.8 mm at a frequency of 10 GHz have a gain of more than 9 dB, an output power
density of more than 1.6 W/mm, a power added efficiency up to 50 %.
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9.1. Introduction
In recent years, GaN-based high-electron mobility transistors (HEMTs) have attracted
increasing attention for high-frequency, high-voltage, high-power, and high-temperature
applications because of their excellent electronic properties, high electron saturation
velocity and high breakdown voltage [1-3]. Non-uniform thermal dissipation inside the
power HEMTs and corresponding self-heating is one of the critical design issues due to
the possible reaching of critical power density leading to a local overheating above the
safe operation temperature which reduces overall device performance and reliability
[4-6]. For high-power devices with compact multifinger layout, thermal crosstalk between
individual gate fingers and suppressed heat extraction in access area significantly
increases structure temperature and reduces maximum power density. Therefore,
electrothermal management is crucially important to the viability of power
HEMTs [7-10].
Electrothermal performance analysis of power HEMT structures using numerical methods
is of a great help for identifying critical regions inside semiconductor device structures.
However, standard 3-D finite element modeling (FEM) and electrothermal simulations
are very time consuming and require high-performance hardware particularly for
complicated 3-D structures. Pure thermal simulations, where the mesh is reduced and
optimized for heat flow, allow effective simulations and analysis of all semiconductor
layers up to the package and heat-sink materials [11-13]. However, replacement of the
device active area by a uniform heat source and loss of the electrothermal feedback
information between the power dissipation and heat generation can cause incorrect results.
The positive or negative electrothermal feedback can significantly affect the device
behavior by enhancement or damping of filamentation, respectively [14].
Lot of existing works propose lumped element method (LEM) based on the coupling of
an equivalent electrical circuit model and RC thermal network [15-17] or separately
solved thermal FEM simulations [18, 19]. Dedicated effort to improve simulation time
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and accuracy applied in many applications [20-23] demonstrates the very active research
in recent electrothermal modeling. Recently F. Nallet, et. al., [24] applied
so-called “mixed-mode” setup in SentaurusTM Device [25], which interconnects a 3-D
FEM thermal model of the package and a 2-D FEM electrothermal description of the
structure by thermal nodes. However, parasitic electric parameters of metallization are
neglected what can substantial influence the accuracy of simulations [26].
This chapter presents electrothermal simulations of power HEMTs by several simulation
methods: 2/3-D device FEM simulation, mixed-mode setup and LEM simulation. Their
features and limitations are analyzed. More accurate electrothermal model of the HEMT
is proposed and implemented to simulations. The electrothermal analysis of power
multifinger HEMT metallization layer geometry design is performed and discussed. The
analysis is supported by proposed efficient 3-D electrothermal device simulation
methodology based on coupling FEM thermal and electrical circuit simulation in mixedmode setup [27]. Moreover, the methodology allows inclusion of 3-D FEM electrical
model of the metallization and takes into account the non-uniformity caused by parasitic
resistance of the metallization to electrothermal behavior of active device [28]. The
advantage of the proposed method is also in simple implementation to complex power
HEMTs as well as systems such as monolithic integrated converters and/or logic cells
with power amplifier.

9.2. HEMT Device Structure
The structure under investigation is the power InAlN/GaN HEMT. The device structure
consists of a 300 nm thick AlN nucleation layer grown on a 6H-SiC substrate followed by
a 2.5 μm GaN buffer layer with a 1 nm AlN spacer layer and a 7 nm In0.14Al0.86N barrier
layer on top. The drain and source contacts are prepared by evaporation of a Ti/Al/Ni/Au
metal stack with subsequent rapid thermal annealing, while the gate contact is formed
using Ni/Au metallization. More details about the device fabrication process are reported
in [29]. The gate-to-drain and the gate-to-source distances are 4.8 µm and 1.6 µm,
respectively, while the gate length is 1.6 µm. The device layout has a fork-shape gate
electrode of 400 µm width each (Fig. 9.1).

Fig. 9.1. 2-D cross section of the HEMT (top). 3-D view of the HEMT and metallization
with a fork-shape gate electrode (bottom).
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The metal pads are prepared for ground-signal-ground (GSG) probe measurement.
However, a single probe setup was used for our analysis and two options to measure each
gate finger separately or both together. The HEMT structure is packaged and placed on
the printed circuit board (PCB) including a cooler.

9.3. Numerical Models and Electrothermal Simulation Methodologies
9.3.1. 2/3-D FEM Simulation
The 2-D and 3-D models of the HEMT for electrothermal FEM simulations are created in
Sentaurus Device Editor (SDE) [25] according to the structure geometry.
A thermodynamic transport model implemented in Sentaurus Device is used for
simulation of the HEMT characteristics. The standard Poisson equation, continuity
equations for electrons and holes and thermoelectric power equation are solved. The
interface between the GaN buffer layer and the InAlN barrier layer is described by a value
of polarization charge σ = 2.6 × 1013 cm–2, and the value of substrate thermal resistance
is Rth = 10–3 Kꞏcm2/W for 2-D simulation. This value lumps the thermal resistance of the
SiC substrate and possible 3-D thermal effects. The gate width (third dimension) for 2-D
simulation is replaced by the coefficient AreaFactor 2 × 400 μm. As for other
heterostructure transistors, the designed mesh must be sufficiently tight around
heterointerfaces, especially where large variations in carrier concentration are observed
within short distances, for example in the 2-D electron gas (2DEG) [30]. The dense mesh
and large dimensions of the HEMT make a full 3-D TCAD approach very time
consuming. Therefore, 2-D FEM device electrothermal simulations have been performed
for analysis of the internal behavior and extraction of the equivalent electrical circuit
model parameters. Both are important for build up the proposed mixed-mode
electrothermal simulation described below.
Location of the heat sources in the thermal model is important for accurate simulation
results. The 2-D FEM electrothermal simulation was carried out to determine the hot spot,
where the heat generation occurs in the HEMT structure. The device simulation shows
two distinctly different areas of the heat generation at two different operating conditions.
In the linear region of the output characteristics the most of the heat is generated along the
2DEG channel. The power is dissipated on the channel resistance. In the saturation region
the heat generation occurs mainly at the drain side of the gate electrode edge, where the
product of the electrostatic potential gradient and current density reaches the maximum
(Fig. 9.2).
9.3.2. 2-D Electrothermal plus 3-D Thermal Mixed-mode Simulation
2-D electrothermal simulations are often not suitable due to natural 3-D thermal effect and
thermal coupling of individual gate fingers. A simpler setup can be built to overcome this
problem. This solution consists of splitting the full simulation model into a 3-D TCAD
thermal model of the package (including simplified die) and a 2-D TCAD electrothermal
description of the HEMT. The two parts are connected to each other in a circuit by
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mixed-mode approach in SentaurusTM Device [24]. The TCAD Sentaurus mixed-mode
setup can combine a multiple-device with different physical models in a circuit. The
circuit netlists can contain an electrical and a thermal section. Each electrical node is
associated with a voltage variable, and each thermal node is associated with a temperature
variable. The mixed-mode setup is built to allow heat flux exchange between the package
and device via thermal node (Fig. 9.3). Drift-diffusion equations coupled to the heat
equation are solved in the 2-D device model, and only the heat equation is solved
in the package.

Fig. 9.2. Current density, electrostatic potential, and total heat distribution inside the HEMT
structure in (a) linear and (b) saturation part of output characteristics. Most of the heat is
generated (a) along the 2DEG channel and (b) under the drain side of the gate edge.

Fig. 9.3. 2-D electrothermal HEMT model connected to 3-D thermal model by the thermal nodes
in the mixed-mode simulation.
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9.3.3. Electrical Circuit plus 3-D Thermal plus 3-D Metallization Mixed-mode
Simulation
Faster simulation results can be obtained by using the equivalent temperature dependent
circuit model of the analyzed device instead of 2-D TCAD simulation [27]. Sentaurus
Device provides a Compact Model Interface for user-defined compact models. The
models are implemented in C++ and are linked to Sentaurus Device at run-time. The
electrical circuit model is defined considering the temperature dependences of the most
relevant parameters extracted from device simulations of the structure at different
operating temperatures. The heat flux and temperature exchange between 3-D thermal and
circuit model is provided by additional power source electrode which represents heat
generation inside the structure.
Our methodology developed for the fast 3-D electrothermal simulation combines the
thermal model of the whole system, the temperature dependent equivalent electrical
circuit model of the structure and the electrical model of the metallization layers using the
mixed-mode setup (Fig. 9.4).

Fig. 9.4. Circuit diagram of the electrothermal mixed-mode simulation. Equivalent HEMT circuit
model is connected to 3-D thermal model by the thermal nodes. Heat flux and temperature
exchange is provided via thermal nodes. The current density distribution and the voltage drop
on parasitic resistances are solved in 3-D electrical model of the metallization [28].

This setup is built to allow heat flux calculated in the circuit model to the thermal contacts
of the 3-D thermal model via thermal nodes. The current density distribution and the
voltage drop on parasitic resistances are solved in 3-D electrical model of the
metallization. The analyzed structure is uniformly split into ten segments along each gate
electrode width and each segment is represented by one circuit model connected with
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corresponding thermal contacts and metallization. It allows take into account non-uniform
distribution of the current density and the temperature along each gate. The short time of
simulation is assured by solving only the heat equation in the 3-D FEM model of the
package and Poisson equation in the metallization layer, and fast solving of the equivalent
circuit electrical model.
HEMT equivalent circuit model is a behavioral compact model [27, 31, 32] with included
Schottky gate current sources (DGS and DGD), drain–source current source IDS, and
resistors RSa and RDa which represent the resistivity of the drain/source access regions
(Fig. 9.5). In the case of HEMT’s and MESFET’s, the drain-source current source is
usually modelled by the empirical Angelov expression (9.1) which is a product of three
functions [33] describing the dependence of IDS on gate voltage VGS ( - polynomial
function) (9.2), saturation slope (), and the initial increasing slope () in the output
characteristics:
I DS  I pk  1  tanh    1   V DS   tanh(  V DS ) ,

(9.1)

where
2
3
  sinh  P1 VGS  V pk   P2 VGS  V pk   P3 VGS  V pk   ,





(9.2)

P1,2,3 are the polynomial coefficients and Ipk and Vpk are the peak drain current and drain
voltage at the transconductance maximum, respectively.

Fig. 9.5. Equivalent circuit model of the HEMT structure consisting of resistors and current sources
representing parasitic resistance of 2-D electron gas (2DEG), Schottky gate current, and
drain-source current. The components are temperature dependent and driven by the temperature
on the P thermal node.

Modified Angelov model was proposed to implement better fitting of the full range drain
current of structures which exhibit higher ratio of on-current and off-current and to
implement the temperature dependent behavior. The first part of the equation (9.1), the
VGS dependence (Ipkꞏ{1+tanh{}}), is replaced by exponential function



I s  s T  
IVt 0 exp  IVtT T   exp   sln 0  sln T T   VGS  Vt 0  DS lin 0 linT
 ,

FB VGS   FC VGS   
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where Vt0 is the threshold voltage, IVt0 and IVtT are the current at the threshold voltage and
the temperature coefficient of current at the threshold voltage, respectively. The sln0, slnT,
slin0, and slinT represent the slopes in the exponential and linear parts of the transfer
characteristics and their temperature dependences. This modified approach leads to more
accurate and simpler extractions of parameters for the slope and its temperature
dependence in linear and exponential parts of the transfer characteristics.

Fig. 9.6. Equivalent circuit model of the HEMT structure with distributed heat sources consists
of main HEMT and access resistors RSa and RDa. The components are temperature dependent
and connected to thermal contacts of the thermal model by the thermal nodes.

All components are temperature dependent and implemented to Sentaurus Device using
Compact Model Interface which provides implementation of user-defined compact
models in C++ and they are linked to Sentaurus Device at runtime [25]. The thermal pin
of the HEMT circuit model, which represents the heat source of dissipated power, is
connected to the thermal contacts of the 3-D FEM thermal model by the thermal node
(Fig. 9.6). The thermal contacts are placed in HEMT thermal model, where the heat
generation occurs during operation. Heat generation and heat transfer are calculated in the
FEM model. The temperature on the thermal nodes (which is equal to the temperature on
the thermal contacts of the thermal model) drives the nonlinear temperature dependent
electrical parameters of the HEMT circuit model.
In many works such as [11], [34-36] there is only one heat source, located close to the
gate for description of the thermal behavior. However, as it is shown in [37] and [38] the
use of uniform power source results in an underestimation of the structure peak
temperature. Our results show that the power sources distributed along the 2DEG better
corresponds to the results obtained from 2-D FEM simulation. The dissipated power on
the 2DEG drain/source access resistances RSa and RDa is transferred to the TRSa and TRDa
thermal contacts between drain and source. The thermal contacts, which represent thermal
heating in saturation, are placed under the gate electrode edge at the drain side. Specific
connection of each HEMT circuit model is depicted in Fig. 9.6. Fig. 9.7 compares the
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evolution of the temperature inside the HEMT structure simulated using one heat source
(total power is applied only to the gate electrode edge thermal contact THEMT), distributed
heat sources, and FEM simulation as a reference. Better correlation of the temperature
distribution in linear region of output characteristic can be clearly seen for distributed heat
sources approach [37-39].

Fig. 9.7. I-V characteristics and evolution of the temperature inside the HEMT structure using
one heat source and distributed heat sources approaches compared with FEM simulation.

9.3.4. 3-D LEM Electrothermal Simulation
The lumped element electrothermal model is built for circuit simulation in SPICE-like
software. The thermal model is created by an RC network allowing 3-D heat flow. 3-D
mesh is generated automatically by MATLAB script. The material geometry, dimensions,
and thermal properties are used as the input parameters for mesh creation. Only the die
layers, lead frame, package, and PCB without the routing metal pattern are taken into
account for the simplicity of the model. Electrical circuit and used RC network of the
HEMT is shown in Fig. 9.8. Each finger of HEMT is divided into ten segment with its
own temperature derived from the die temperature under the gate. The electrical circuit
model of HEMT is the same as in mixed-mode simulation approach. The IDS current
source is represented by voltage/current controlled current source.
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Fig. 9.8. Electrical circuit diagram of HEMT with 3-D equivalent RC thermal mesh
for LEM electrothermal simulation.

9.4. Simulation Results and Validation
The proposed methodologies of electrothermal simulation have been used to analyze the
properties of a power GaN HEMT. Fig. 9.9 shows a comparison of the measured and
simulated output characteristics for two different measurement setups. The first setup
connects only Source 1 to the ground and only one gate finger is active. The second setup
connects both sources to the ground and both gate fingers are active. The temperature
interaction between the gate fingers for the second setup shows a drop of the output
characteristics, which is caused by a higher structure temperature compared to the first
setup (Fig. 9.10 (Cross section A)). Moreover, there is an additional voltage drop due to
the metal resistance caused by doubled current flowing through drain metallization layer
(Fig. 9.11). Its main impact is in the linear region of the output characteristics. The
proposed 3-D electrothermal simulations split the structure along the gate into several
parts, which allows analysis of the inhomogeneous distribution of temperature and of the
electrical properties. The inhomogeneous distributions of temperature and current along
the gate electrode are shown in Fig. 9.10 (Cross section B). The lower temperature and
higher current density at the HEMT edge segments are caused by more effective cooling
of the structure edges compared with the central segment.
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Fig. 9.9. Comparison of measured and simulated output characteristics for one and both gate
fingers active.

Fig. 9.10. Temperature distribution of the HEMT for VDS = 15 V and VGS = 1 V (top). (Cross
section A) Comparison of the temperatures across the gate electrodes for one and both gate fingers
active. (Cross section B) Temperature and current distributions inside the HEMT structure along
the gate electrode.
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Fig. 9.11. Electrostatic potential and current density distribution in the metallization for one
and both gate fingers active. For both gate fingers active is an additional voltage drop due to the
metal resistance caused by doubled current flowing through drain metallization layer.

Table 9.1 compares the simulation results of the proposed methodologies. In the case of
2-D simulation and assumption that the current is proportional to the total gate width,
there is no difference between employing only one and both sources. Moreover, the 2-D
device simulation considers homogeneous distributions of all parameters in the third
dimension. The 3-D heat flow and inhomogeneous behavior along the whole structure are
neglected.
Table 9.1. Comparison of simulation results of the proposed methodologies.
Simulation
2-D FEM

Mesh
elements

Simulation
time

11 000

5 min

 Limitations /  Advantages
 No 3-D thermal flow
 No inhomogeneity in third
dimension

3-D FEM

500 000

5 hours

 Slow
 Reduced mesh –› low accuracy
and convergence problem

Mixed-mode
2-D Electrothermal
+ 3-D Thermal

Mixed-mode
Electrical Circuit +
3-D Thermal +
3-D Metallization

3-D LEM

2-D:
11 000
3-D:
140 000
Circuit:
20 HEMTs
Package:
140 000
Metallization:
4 500
RC network:
20 000

7 min

 Thermal flow to the package
 More gate fingers significantly
increase simulation time

2 min

1 min

 Fast
 Allows 3-D heat flux in whole
system
 Calculates current distribution in
metallization

 Fast
 Simplified RC thermal mesh
299

Advances in Microelectronics: Reviews, Volume 2

As for other heterostructure transistors, the designed mesh must be sufficiently tight
around heterointerfaces, especially where large variations in carrier concentration are
observed within short distances, for example in the 2DEG [30]. The dense mesh and large
dimensions of the HEMT make a full 3-D TCAD approach very time consuming. The
reduction of the mesh causes low accuracy and convergence problem. The mixed-mode
simulation setup of 2-D electrothermal model interconnected with 3-D package thermal
model decreases the simulation time. This approach allows full device electrothermal
simulation with thermal flow to the package. However, connecting more 2-D
electrothermal elements for multifinger structures with more gate fingers results in a
significant increase in simulation time. The advantages of our proposed method based on
interconnection of electrical circuit, 3-D thermal and 3-D metallization models are in the
high speed of the electrothermal simulation with respect to take into account the current
non-uniformity caused by parasitic electrical resistance of the multifinger metallization to
electrothermal behavior of active device. The LEM simulation approach is very fast.
However, the short time of simulation is provided by structure simplification and
reduction of the thermal network elements.

9.5. Electrothermal Analysis of Multifinger HEMTs
This section describes electrothermal analysis of a multifinger power HEMT supported
by mixed-mode simulation approach. The analysis of the multifinger HEMT is focused
on the metallization layer geometry influence on the electrothermal properties and
transistor behavior. The investigated variables are the number of the gate fingers ngf and
their width WG for different fingers spacing Lmet (Fig. 9.12). The total gate width of the
whole HEMT structure is 16 mm in all cases. Another investigated variable is drain/source
metallization layer thickness.

Fig. 9.12. Schematic diagram of mixed-mode approach for electrothermal simulation
of power multifinger HEMT.
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Fig. 9.13 shows geometry dependence of the on-state resistance RON and dissipated power
capability P/T corresponding to a channel temperature increase of 150 K [6] for different
finger spacing which is given by drain/source metallization width Lmet. The parasitic
resistance of the metallization is more dominant for higher WG and lower ngf, which
increases RON of the analyzed HEMT. The decrease of RON with WG lowering is caused by
decreasing of metallization resistance. The lowest value of the RON is given mainly by
electrophysical properties of HEMT structure. The higher RON at lower Lmet is caused by
lower width of drain/source metallization layer with higher resistance. Due to additional
voltage drop on the high metallization resistance, the current density and power load are
nonuniformly distributed in the structure. The nonuniform power load reduces dissipated
power capability P/T of the structure.

Fig. 9.13. Dependences of (a) on-state resistance RON and (b) dissipated power capability P/T
corresponding to a channel temperature increase of 150 K on metallization layer geometry.

The P/T increases in the region I (Fig. 9.13b) due to the current flow uniformity
improvement when metallization resistance becomes negligible compared to HEMT
structure resistance. As can be seen in Fig. 9.14a (structure with WG = 4 mm), the major
part of current flows from drain to source on the drain pad side, where maximal power
load and temperature occur. Current density and temperature are homogeneously
distributed in structure with WG = 2 mm, where metallization resistance is markedly
lower (Fig. 9.14b). The following P/T drop in the region II is caused by the dominant
thermal interaction of individual gate fingers [9, 10]. As ngf increases, the maximal
temperature is higher and P/T decreases. At the interface of regions II and III the
structure geometry has approximately square shape (WG/LA ≈ 1) with the worst case heat
sink condition. There is local minimum of the dissipated power capability. The ratio
WG/LA becomes lower than 1 with WG shortening and ngf increases in the region III. The
structure is more effectively cooled through the longer LA edge. This can be clearly seen
from the temperature distribution of the structure with 32 gate fingers in Fig. 9.15.
Therefore, the P/T increases in this region. In all regions is valid that the higher distance
of gate fingers (higher Lmet) provides lower thermal coupling and higher P/T [40].
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Fig. 9.14. Current density in metallization and temperature distribution for two different
metallization layers geometry of HEMT structure (Lmet = 35 m).

Fig. 9.15. Temperature distribution for two different metallization layers geometry of HEMT
structure (Lmet = 35 m). The structure on the right side is more effectively cooled through
the longer LA edge.

Fig. 9.16 shows drain/source metallization thickness dependence on the on-state
resistance RON and dissipated power capability P/T for Lmet = 35 m. As the
metallization thickness increases, the metallization resistance is lower and its impact on
RON decreases. Lower metallization resistance improves current flow and temperature
uniformity. Therefore, dissipated power capability P/T is higher for higher metallization
thickness in region of structures with low ngf and wide WG.
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Fig. 9.16. Drain/source metallization thickness dependences on (a) on-state resistance RON
and (b) dissipated power capability P/T (Lmet = 35 m).

9.6. Conclusions
Effective electrothermal simulation methodologies based on 2/3-D FEM, mixed-mode
setup in Synopsys TCAD Sentaurus environment and 3-D LEM were presented and
compared. The designed methodologies are developed for reducing the simulation time of
complex power multifinger HEMTs including the package and cooling assemblies. The
simulation approaches help to assess the device reliability by means of evaluating both
temperature and current distributions in the power HEMT structures operating under
critical conditions. The implemented 3-D thermal flow and distributed parameters of the
structures provide more realistic simulation results. The advantages of the proposed
methods are the relative simplicity of implementation, the increased speed of simulation,
and the capability of full analysis of complex structures. The developed simulation
methodology has been successfully applied for electrothermal analysis of the multifinger
power HEMTs. The analysis of thermal and electrical behaviour has been supported by
effective 3-D electrothermal device simulation using mixed-mode setup. The effects of
the design of the metallization layers structure have been studied and analyzed. We point
on the fact that metallization geometry may significantly affect electrothermal properties
of power multifinger HEMTs. Significant growth of RON occurs mainly in the structures
with increasing gate width of the fingers and thin drain/source metallization layers. As a
result, the non-uniform current density and power dissipation lead to a local overheating
above the safe operation temperature, reducing the total signal power processed by the
structure. Presented observations contribute to on-going optimization of the transistor
structures for power applications with respect to effective metallization layers design.
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List of Abbreviations
AES -

Advanced Encryption Standard

BCH -

Bose-Chaudhuri-Hocquenghem

CMP -

Chip Multi-Processors

CPU -

Central Processing Unit

DPA -

Differential Power or Electromagnetic Radiation Analysis

DRAM -

Dynamic RAM

EDC -

Error Detection and Correction code

eDLC -

Error Detection, Localization and Correction

IC -

Integrated Circuit

IST -

Interleaved Scrambling Technique

ISTe -

Interleaved Scrambling Technique enhanced

ISTm -

Interleaved Scrambling Technique masked

MECU -

Memory Control Unit

MMU -

Memory Management Unit

NEON -

Advanced SIMD Extensions

OS -

Operating System.
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PCM -

Phase Change Memory

PRNG -

Pseudo-Random Number Generator

RAM-

Random-Access Memory

ROM -

Read Only Memory

RS -

Reed-Solomon

RSA -

Rivest, Shamir and Adleman (public key cryptography)

SAS -

Set Address Synchronized

SAU -

Set Address Unsynchronized

SPA -

Simple Power or Electromagnetic Radiation Analysis

SRAM -

Static RAM

SSE -

Streaming SIMD Extensions

ST -

Scrambler Table

STB -

Semi-Trusted Boundary

TB -

Trusted Boundary

TRNG -

True Random Number Generator

TSB -

Trusted and Semi-Trusted Boundaries

10.1. Introduction
Modern day ICs contain significant information that must be highly secured, so that it
stays hidden. In the last six years, there have been reported a large variety of attacks
against ICs and memories, mostly targeting the vulnerabilities of cache and main
memories, smart-cards, etc. In a recent report [1], the author pointed out that 62 % of
companies worldwide were subject to payment fraud in 2014 and that credit/debit cards
are the second most frequent target of payment fraud. This problem broadens when the
attacks target other kind of legal supports including biometric information [2].
Very often general purpose devices like desktops, laptops or smartphones are used for
private transactions with financial entities or health-care issues, among others. In the case
of devices without specialized hardware, all cryptographic operations are executed in
software, resulting in an intensive use of memory [3]. This poses sensitive data at risk,
including that stored in the cache memory [4]. Sensitive information stored in the memory
during runtime has recently drawn a lot of attention because of the remanence effect [5].
Chip manufacturers do not control memory retention time as part of their manufacturing
quality process. Therefore, memory retention time varies between devices from the same
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manufacturer and of the same type but of different subtype or series. Also, low power
versions of the same chips always seem to have longer retention times.
Some attacks on the main memory have been investigated exploiting memory retention
time, because the stored information is still visible a small period after the system loses
power. Also, by keeping the memory module at low temperatures, the information can
remain intact for as long as 5 minutes [6]. These attacks, called cold-boot [6, 7], target the
recovery of the last information which was stored in volatile memory. When the CPU is
running, it needs to work with sensitive data in plain form and, depending on the operating
system, it may generate several copies in memory, exposing data like encryption keys to
different kinds of attacks [3].
In memory systems, the main memory has usually a low level of protection because it is
more accessible than other levels of memory and thus it can be removed by the attacker
by simpler technical means. In cold-boot attacks, the information is frozen for a long
enough period of time such that the memory modules can be removed and the attacker
can download the content into a backup system which stores data in plaintext. To avoid
this, security is improved by encrypting data while the memory transaction is undertaken
[7-9]. The decrease of bus throughput can be compensated by an increase of cache size.
Unlike the main memory nowadays, for performance reasons, the cache memory is placed
in the same CPU package, either stacked on or embedded within it. In Fig. 10.1 a picture
of the Intel i7-5960X processor is shown with the cache memory embedded inside. This
configuration provides a higher protection degree at a free cost [9]. Because of this and
also to avoid strong penalty in the throughput between cache and CPU, the sensitive
information, like encrypting keys, is stored in plaintext in the cache. Even more, some
encryption algorithms are designed to run all the rounds using only cache memory and
avoiding main memory transfers [12].

Fig. 10.1. Dice picture of the Intel-i7-5960X processor. Source: Intel.
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Unfortunately, cache memory cannot be considered whatsoever a secure memory. Attacks
that target the cache memory and retrieve sensitive data have been analyzed and
investigated in several works, [10-12, 14] for non-invasive attacks and [13] for semiinvasive attacks. These are side-channel attacks, which are based on the information
leaked by a cryptographic device, such as power consumption, time, etc. Attacks against
AES algorithms have been reported that target the stored key [12]. It cannot be ruled out
the possibility of direct reading of the cache content. If cache is conveniently frozen, a
power-up sequence can derive to the recovery of the same content existing before the
power-up [13, 15].
This chapter has a double objective. First, a review of the attacks and existing
countermeasures exploiting the cold-boot effect are explained. Later, a new methodology
is proposed to overcome these; to allow concealing the plaintext data from the cache
memory minimizing the penalty in performance. It pursues to make data unusable in case
of an attacker retrieves it and to avoid the transfer of regular patterns between CPU and
cache, which leaks significant amount of information through side-channel attacks.

10.2. Attacks and Countermeasures on Data Memory Remanence
A simplified model of a computer memory system is presented in Fig. 10.2. Only cache
and main memories are shown. For standard marked products, cache memory may have
up to three levels, it depends on the system and the degree of performance expected.
Operating systems that use cache as a secure memory tend to select the highest level
possible since it has the largest capacity [16, 9]. It is always integrated in the CPU
package, even embedded in the CPU chip or assembled with it using 3D technology in the
most advanced versions. This makes feasible to use a high speed bus for reading and
writing data, keeping CPU performance at the maximum level. Main memory is
commonly external; it can be expanded and communicates with cache through a lower
speed bus. It reads data only in the event of cache misses and writes according to some
write-through or write-back policies.

Fig. 10.2. Simplified model of a computer memory system.
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Since the CPU reads more frequently than it writes, and often does so in similar address
ranges, the main memory bus is much less used than the cache memory bus, typically
20 times less. For this reason, loss in transmission speed in the main memory bus has less
impact on CPU performance than in the cache memory bus.
10.2.1. Cold-boot Attack
Attacks on data memory remanence (cold-boot attacks) exploit the data retention existing
after power shut-down in SRAM and DRAM technologies. In Fig. 10.3, an overview of
the cold-boot attack on main memory is illustrated. While the software that stores sensitive
data in memory is running, the power supply is suddenly disconnected and the main
memory is rapidly removed, connected to the backup system and powered up again. Then,
the victim’s memory content is downloaded into a backup machine and from there critical
data like encryption keys or any other type of sensitive data is extracted. By cooling the
memory modules, degradation of volatile memory is slowed down; hence, an adversary
has more time to act. The results of the attacks in [17, 18] show that by cooling a memory
chip at -50 °C, decay within a 1 MB region is 0.13 % (after 60 minutes). Also, after a
single minute without power supply, 99.9 % of bits were recovered correctly.

Fig. 10.3. Cold-boot attack on main memory.

This attack is not feasible on a cache memory because the latter cannot be physically
removed. However, a variation in Fig. 10.4 illustrates how an adversary using the
cold-boot attack could steal data. Once the CPU has run the software of interest and
sensitive data has been stored in memory, power is suddenly cut off and immediately
afterwards the system is booted up with an ad-hoc fake program which makes a backup
copy of the memory. Next, data is analyzed and sensitive information extracted. As an
example, this kind of cold-boot was conducted on several smartphones [15]. A simple
reboot from an ad-hoc operating system (FROST) immediately made a backup copy of
the memory content and the secret keys of encrypted flash data and other sensitive data
were extracted with specialized software tools. The technique used managed to recover
email messages, contact lists, credit card data and other login credentials after cooling the
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device to 5 °C. These smartphones had a boot locking mechanism that ensured the deletion
of data in the user’s partition and cache memory. However, not all models had this option
activated by default, which might have been unknown to users. Former attack strategy is
softer and very attractive for adversaries because they can steal data without soiling their
hands. However, it cannot be ruled out the use of other harder techniques involving semiinvasive engineering.

Fig. 10.4. Cold-boot attack without removing memory chips.

In semi-invasive attacks chip is depackaged, but no direct electrical contact is made. Data
are explored by means of optical probing which is used to induce transient faults in some
logic gates to cause information leakage. Eddy currents can also be used by exciting the
chip with large magnetic fields near the surface. All of them are carried out while the chip
is in a frozen state [13].
10.2.2. Existing Countermeasures
There are different strategies that can be used to protect memory against cold-boot
attacks. In these paragraphs we will review some representative published so far,
including cache and external memories.
10.2.2.1. Trusted Boundary
An overview of one class of solutions is presented in Fig. 10.5. They work on the base of
a trusted boundary (TB) in which it is assumed that data can be stored securely in
plaintext. This has the advantage that the running programs don’t lose performance if they
are able to keep the data inside this TB. The TB always include the CPU and its internal
registers and part or all of the cache memory. It may include other kind of memories
embedded in the same package of the CPU. Usually, not all cache memory is included in
the TB because, depending on the architecture, the same cache memory can be shared by
different CPUs, like the case of Intel’s i7 processor L3 cache. TB can be limited to include
only L2 cache memory or some block of L3 but not all as we will see later. It is the
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operating system (OS) the responsible to manage the access inside and outside the TB and
to maintain the right permissions for the different apps, not interfering with each other. In
this class of countermeasures, the protection against cold-boot attacks is provided to the
memory outside the TB, while the memory inside is assumed to be inaccessible for the
adversary.

Fig. 10.5. Countermeasures based on trusted boundary.

A subclass of TB is shown in part (A) of the figure. In low performance platforms,
real-time data encryption is not feasible and thus data outside the TB is stored in plaintext
too. Therefore, apps running compromised data, like encryption algorithms, must do the
processing inside the TB. When a part of the cache is involved in this TB, the write-back
synchronization with main memory becomes very convenient since the OS may keep the
dirty data from being copied to it. The hypothesis here is that any attack on the external
memory will not acquire relevant data.
A second subclass of TB can be viewed in part (B) of the figure. In high performance
platforms real-time data encryption is feasible. Therefore, transactions to the memory
outside TB can be encrypted which simplifies the data synchronization and provides a
higher protection. Encryption is carried out by the same CPU or a specialized hardware
and usually it works with a session key that must be stored in the TB zone. This session
key is changed after every system boot. The penalty that the encryption causes on the
performance is compensated by the cache buffering. The hypothesis here is that attacks
on the memory outside TB will get encrypted data, not useful at all.
313

Advances in Microelectronics: Reviews, Volume 2

Countermeasures using this principle can be found in [19-22] for the x86 and in [23] for
the ARM platforms. In AESSE [20], TRESOR [21], AMNESIA [22] and ARMORED
[23] the TB zone is limited to the CPU. The cryptographic keys of an AES algorithm are
stored in internal registers like SSE registers, debug registers, performance counters, and
NEON registers, respectively. Despite this solution is cheap in terms of resources, it is
also very limited in data size. More complex encryption algorithms like RSA could not be
run under these conditions, without forgetting the interference that cause to the normal
operation of the CPU. Differently to them, COPKER [19] includes the cache memory in
the TB zone. However, caching operation is disabled and it is used like RAM only, using
the technology proposed in [24]. This harms seriously the performance of the CPU
because no catching can be used at all, particularly in multi-core technologies sharing L3
cache because it must be disabled for all the cores.
A more advanced alternative following the (B) strategy is found in [9]. The improvement
of this technique focuses on extending the amount of memory included in the TB zone
that can be processed by the CPU in plaintext. Not only keys are considered as sensitive
information but intermediate calculations during processing and other kind of personal
data. Dumps of cache data to main memory are encrypted following the general scheme
of (B). A subprocess ENCEXEC monitors split views in the memory and the reserved
cache, guaranteeing that sensitive data is not evicted to the main memory. It extends the
kernel’s virtual memory management to strictly control the process’ data access.
ENCEXEC reserves a block of L3-cache as the secret memory space where sensitive data
is stored in plaintext. The rest of memory is use for the regular processing and becomes
encrypted/decrypted when dumped to/from main memory. Differently to the previous
techniques, this can manage a larger memory space which makes it more suitable for
up-to-date data processing algorithms. It also relies in higher performance processors for
the speeding up of data encryption/decryption. However, the principle over which the
cold-boot attack protection relies on is the same. At the system power-down/reboot,
plaintext data in cache memory is lost.
In the work of P. Cold et al. [16], several techniques to improve the security of
smartphones and tablets are discussed, which follows more the scheme (A). In these
architectures, two types of memories internal to the CPU package can execute basic
functionalities without accessing the main RAM, i.e. iRAM and L2 cache. They are
considered secure mainly because after reboot, and this includes unexpected power cut
offs, firmware cleans them up completely. Unfortunately, as pointed in [25], firmware can
be attacked in many different ways, and thus it cannot be regarded as a strong security
pillar.
What is assumed to be the most secure way to protect the main memory data is to encrypt
it in real time, as it is shown in scheme (B) of Fig. 10.5. A session key is generated and a
strong, secure algorithm like AES [26] or a low latency like PRINCE [27] is used to
encrypt and decrypt according to CPU demand. The main advantage of this method is that
the circuit providing the session key will change it if a reset condition occurs, which will
invalidate all memory data completely, thwarting any attempt to read the memory after
boot. Memory bus encryption makes use of time clearance provided by the cache memory
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such that the performance loss is buffered [28]. The drawback of the encryption as
illustrated in scheme (B), is that it must be executed by an independent coprocessor to
reach enough speed and robustness, and for power consumption to remain below
reasonable limits. That is why portable devices are not expected to use memory encryption
intensively. Some smartphones and tablets use a kind of memory encryption but this
action is only applied during user locking / unlocking [16]. In [29] the encryption is
selected to protect non-volatile memories, like ferromagnetic RAM. These types of
memories pose a problem similar to what happens in a cold-boot attack, but worst in the
sense that the content of the memory is retained forever. In order to cope with the power
and time requirements of the encryption, it is made incrementally and, in case of
unexpected reboot, the whole memory is encrypted again in a maximum time of five
seconds. In [30], memory encryption includes a time stamp to counteract replay attacks.
In order to provide stronger security against cold-boot attacks, closer to the hardware
solutions are needed, as pointed out in [16]. These can be complemented by other
firmware and software techniques, leading to a whole solution reaching different
abstraction levels of the system. This brings to the extended scheme presented next.
10.2.2.2. Trusted and Semi-trusted Boundaries
The rest of techniques that will be discussed can be classified in this second class, Trusted
and Semi-trusted Boundaries (TSB), see Fig. 10.6. Countermeasures in this class present
many exceptions to the general scheme of the class but the common point between them
is the semi-trusted boundary concept.

Fig. 10.6. Countermeasures based on trusted and semi-trusted boundary.

The security of data against cold-boot attacks is seen as the combination of
hardware/software impediments that the system opposes to the adversary. What identifies
the trusted and semi-trusted boundaries are the natural impediments offered by the
platform, which are complemented by the designer adding countermeasures to conceal
data according to the model’s attack of the adversary.
For the cold-boot attack model the boundaries are defined as follows:
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 Trusted boundary (TB): Data are stored in registers or memory modules that are
physically attached to the CPU, they cannot be removed with reverse engineering
techniques. Their content is reset by hardware or initialized at boot up sequence by a
firmware that cannot be disabled. The firmware routine cannot be changed because its
update is disabled. There is a reasonable guarantee that any plaintext stored in TB will
be erased immediately after a power-down / reboot of the system. Internal registers of
the CPU, some specialized peripherals and low levels of cache memory can be found
in this boundary.
 Semi-trusted boundary (STB): Data are stored in memory modules that are
physically attached to the same CPU package, either embedded or packed with 3D
technologies so that they cannot be removed by standard physical means. A firmware
routine resets their content at boot sequence, but it can be disabled and/or updated.
Sometimes this happens when the amount of memory to reset is large, this reset option
can be disabled to accelerate the boot up sequence. Therefore, there is some risk that
after a cold-boot attack, the data in this boundary can be dumped out by an adversary
that could attack the firmware and boot up the system with an ad-hoc OS. Higher levels
of cache memory can be typically placed in this boundary.
Anything else outside these boundaries is assumed to be unprotected from the point of
view of the adversary.
Countermeasures at TSB class must define the areas enclosing TB and STB and how data
is protected, anything between filtering only sensitive data according to its risk in STB
and outside or giving a light/high degree of encryption to TSB and outside zones. In fact,
for STB zone many countermeasures based on data scrambling can be found. Data
scrambling can be assumed as a lightweight encryption, 𝑓
𝐷, 𝑆 in Fig. 10.6, in
which data vector is XORed with a key (usually a random vector generated for session).
It has the advantage that is fast, the implementation needs very low area overhead but it
has the limitation of leaking much information through power consumption. However,
while reading/writing data at speed is advantageous since it does not degrade performance
significantly.
In [32] one implementation of the scrambling technique is presented, see Fig. 10.7. The
US patent from Hsu et al. [32] defines a scrambling circuit to protect data in a read only
memory. The implementation includes an initial value generator, a shift register, a logic
circuit, an adder and a lock circuit. The scrambled data is obtained by adding the data
stored in the read only memory with the data stored in the pseudo-random generator. The
purpose of the scrambler is to behave like a hash function when the ROM content is read.
Never, the plaintext content is exported outside the microcontroller allocating the ROM
memory. A pseudo-random generator which is initialized from an ”Initial value generator”
and initial data in the ROM encodes data that is mixed with the plaintext data coming
from the ROM itself. These, are scrambled in the ”Adder” block and exported outside the
microcontroller for test and integrity verification purposes. This function cannot be
reverted if the initial value and initial content of the ROM is known.
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In [33] L. Benini et al. propose the scrambling technique for data bus transmission in order
to protect that from side-channel attacks. Despite it is not explicitly focused for securing
against cold-boot attacks its application provides some interesting points that in later
papers has been considered for explicit data memory protection against this type of attack.
They consider two types of scrambling: pure and conditional, the later in Fig. 10.8. A pure
scrambler consists of two main blocks: a random pattern generator (”Randomizer”), that
produces a new pattern r at each new bus cycle, and a block ”⊕” which implements
bitwise XOR between D and r. By keeping the sender’s and receiver’s clocks
synchronized, and by using the same initial seed for the two ”Randomizers”, correct
decoding is guaranteed.

Fig. 10.7. ROM descrambler. Source: [32].

Fig. 10.8. Low power scrambling. Source: [33].

Conditional scrambling is slightly different from pure scrambling because the
randomization is controlled by an external signal, called FS (Force Scrambling). The
”DCM” (Duty Cycle Modulator) block works as a switch driven by FS that, at each cycle,
determines what operand r' is r or 0.
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To improve energy savings, the authors in [33] consider using bus-inverting in pure and
conditional scrambling. In bus-inverting, the current word is compared with the
previously transmitted one and if the hamming distance between the two exceeds half the
number of bits, the data complement is transmitted. However, an additional (two extra)
bus lines are required: one line for the occurrence of scrambling and a second line for the
inversion of data. With these two techniques a reduction of approximate 7.8 % energy is
achieved. K. S. Sainarayanan et al. presents a similar scrambling strategy in [34] where
they consider the parasitic coupling of bus line. With a special coding they can increase
the energy savings to a 10 %.
E. Brier et al. propose in [35] a scrambling technique based on keyed-permutations. This
technique can generate a large set of permutations in a compact design and at high speed.
According to authors it is advised as a countermeasure against physical probing but in our
opinion, it could be also used for memory protection in the STB zone since it is fast and
provides a reasonable degree of security.
In [36], W. Enck et al. present a countermeasure for permanent memory storage. It is
target for portable devices like smartphones that are gradually incorporating permanent
memories instead of volatile RAM for the processor because of their higher density and
the advantage of instant power-up while keeping the state of the device. They refer to
ferrite RAM [37] or magnetic RAM [38] memory cells which are under intensive
investigation nowadays. Interestingly, this problem resembles and is even harder than the
cold-boot attack since the content of RAM becomes permanent even without power.
Considering the model of Fig. 10.6 the TB zone includes the processor and cache memory
and the STB extends to include all main memory. Outside STB we can find flash memory
(disk storage). Because of the high requirements of standard encryption techniques, here
the light encryption is proposed for the STB zone base on the scrambling technique in
which the scrambling vector is not only generated per session but is periodically refreshed.
One must think of devices that are rarely rebooted, they are mostly active for weeks or
even months.
As it is shown in Fig. 10.9, A Memory Control Unit (MECU) scrambles all memory
transfers between cache and main memories to ensure that plaintext data is never written
to the persistent medium. The additional unit is in the memory bus and all memory
transactions are mediated by this MECU. The scrambling vector q generated by the
MECU is obtained by encrypting (AES) a random generated key k plus a resume counter
s, and address index a and a state lookup sa which counts time. One interesting point is
that the encryption frequency in MECU is much lower than the read/write frequency to
the main memory since data is transferred by blocks that share the same scrambling vector
q. After each resume or reboot of the system, the memory content must be refreshed for
updating data to the new generated scrambling vectors q. Processor stalls are managed
and filtered by the cache memory.
In [7] J. Guan et al. present a scrambling countermeasure for protection of data in main
memory. Similar to previous proposal the STB zone covers main memory and considers
disk data to be in the untrusted domain. Disk data is encrypted and therefore memory
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contains the encryption keys in plaintext unless the proposed scrambling is used, to avoid
any stealing of the keys using a cold-boot attack. The scrambling is implemented with the
standard bitwise XOR array that receives the scrambling vector from a Galois Field
Multiplication of order 128 (GF128). It takes a session key from a Pseudo Random
Number Generator and the address of DRAM data. Session key is refresh after each reset
of the system and thus it is kept the same during a session. Authors don’t mention if cache
memory could be included in the STB zone and be protected by the scrambling strategy.
Anyhow, we understand that this could be and therefore cache memory could also be
protected against cold-boot attacks.

Fig. 10.9. Low power scrambling. Source: [36].

J. Kong et al. in [8] focuses on the protection Phase Change Memory (PCM), following a
similar objective for permanent memory technology like in [36]. It assumes that CPU and
cache memory are inside the TB zone. Any data transfer to the main memory (PCM) is
scrambled such data any illegitimate dumping could not exploit them, see Fig. 10.10. The
scrambling vector is generated from a block cipher whose entries are the secret key stored
inside the processor and additional counters for each data block (each cache line already
has a counter). This type of encryption technique favours memories with limited lifetime
and reduces power consumption. It is obviously a technique valid for cold-boot attacks
but has de limitation of expensive additional circuitry necessary for the block cipher.
Ciphering of scrambling vectors is generated by several triggering cycles since the number
of bytes generated are smaller than the data size block transferred to memory.
B. Dolgunov et al. propose a scrambling technique for data and addresses in [39]. The
technique aims to defend cache memory against a wide range of side-channel attacks. It
consists in a two-step scrambling process for both data and addresses with two different
encryption keys stored in the main memory. Hence, a cold-boot attack on the main
memory can disclose the memory section containing the encryption keys. In [40]
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S. R. Vijay et al. the scrambling technique is proposed to protect data as follows: the first
half of a word is scrambled with the first bit of the first half, and the second half is then
XORed with the scrambled result of the first half. The advantage is that since no
scrambling vectors have to be stored in additional hardware, no data or area overhead has
to be added. However, the patterns created by this method can be easily understood and
data samples can be exploited to gain a lot of information.

Fig. 10.10. Low power scrambling. Source: [8].

10.3. Scrambling Technique, Advantages and Limitations
In Section 10.2 we have seen that there are several strategic alternatives that try to protect
data in memory against cold-boot attacks. Between them, scrambling data vectors with
some type of key is the one that most often appears in papers. Despite it does not provide
strong security it has some advantages; it is fast, it requires low area overhead and
consumes less power than other stronger security techniques. If we consider the scheme
presented in Fig. 10.6, it is an interesting technique for the data in the STB zone,
particularly when all or part of the cache memory is assumed to be there. However, the
scrambling technique has also limitations and can be attacked in some straightforward
ways, for example exploiting power analysis.
For the rest of this section we will define and explain the basic concepts about this
technique, presenting the advantages and also limitations.
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10.3.1. Scrambling Technique
Let us assume D is a data vector and S a scrambling vector with the same number of bits
and maximum entropy (typically random profile). The following operation is performed

SD  f s  D, S   D  S ,

(10.1)

The result SD is the scrambled data in which each bit is the XOR between the
corresponding bits of D and S. It is interesting to see that if S is concealed it is not possible
to know D from SD by direct means. The reverse operation is quite obvious since

D  f s1  SD, S   f s  SD, S   SD  S =  D  S   S  D

(10.2)

Therefore, with S as the key, data can be scrambled and descrambled since the operation
is symmetric. In memory systems we would store SD and would maintain S in the TB
zone. If, after a cold-boot attack, the adversary dumps out the data content he would not
be able to understand the information because he would have obtained SD instead of D.
Scrambling vectors are always obtained from a random source in order to maximize their
entropy (disorder). With the XOR operation, this entropy is added to data, similar to what
happen in any encryption process, illustrated in the example of Fig. 10.11. A word editor
100 kB data file is generated and the bit entropy histogram calculated [41] over words of
32 bits. Using a random generated scrambling vector, data is scrambled and with an
AES-128 encrypted, histograms are added to the figure. It can be seen that the plaintext
data spreads to lower values of entropy while for the scrambled and encrypted the entropy
in data words are maximized.

Fig. 10.11. Entropy histogram of 100 kB plaintext, encrypted (AES-128)
and scrambled data files.

The scrambling vector is refreshed at least after each new session (boot) of the system.
This assures that data stored in memory during the previous session become invalid. It is
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a basic countermeasure used for the cold-boot attack explained in Fig. 10.4. In some
scrambling techniques, like in [36], the scrambling vector is generated as a combination
of a random value plus a time counting tag and address index. This countermeasure avoids
the adversary of discovering the scrambling vector by double writing in memory. Imagine
that a compromised program writes the sensitive data D in memory using scrambling
vector S. This would store SD at some address. Sometime later (or simultaneously) (still
with the same S in the TB zone) the adversary writes a predetermined data 𝐷 to a given
address, that would become 𝑆𝐷 in memory. After this, the cold-boot attack is performed
and the adversary recovers SD, 𝑆𝐷 and knows 𝐷 . Sensitive data can then be recovered
by doing,
. SD  SD  D  SD  S  D .
Therefore, by adding address and time information to the scrambling vector increases the
difficulty for an adversary to discover the scrambling vector. However, the function
combining these inputs and generating S must perform some type of encryption or hash
operation in order to guarantee the maximum entropy at the scrambling vector. In some
cases this hampers the advantages of the scrambling technology itself, since its speed is
compromised by the scrambling vector generating function, especially if it must operate
at each memory transfer.
Another limitation of the scrambling technique, if it is compared to a standard encryption,
is the dependency between data and scrambled data bits. As illustrated in Fig. 10.12 for
the scrambling and descrambling process, there is a one-to-one dependency between the
plaintext and scrambled bits. This is a weakness compared to encryption techniques in
which any bit change in data is spread out over all encrypted bits so that there is a near
50 % probability that any bit at the encrypted vector is modified. This limitation opens the
possibility to attack the scrambling vector by using power or electromagnetic analysis
attacks, simple (SPA) or differential (DPA). The adversary uses any of these side-channel
attacks to discover the scrambling vector and then he performs the cold-boot attack to
dump data and descramble with the discovered scrambling vector.

Fig. 10.12. Standard scrambling and descrambling modules.
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10.3.2. Power or Electromagnetic Analysis Attacks
Let us assume that data vector D is loaded in the bus and scrambled with S before being
sent to the cache memory, according to the model presented in Fig. 10.13. Transmitting
data in a bus involves charging and discharging load capacitances, the parasitic
capacitances CL of the lines and of the next stage logic. This means that in each clock
cycle some of the lines first source current from the power supply line and then drain it to
ground.
All switching bus lines source current from the power supply line VDD, whose intensity is
strongly correlated to the amount of scrambled data transmitted through the bus. Similarly,
the magnetic fields of these currents add up and generate an electromagnetic wave EMDD
whose intensity likewise depends on the scrambled data.

Fig. 10.13. Power and electromagnetic emissions in data bus.

Hamming weight is a metric that adds up to the contribution of individual bits in a word.
Hence, it is often used to find correlations between data and power or radiated
electromagnetic intensity [42]. Let us assume that data vector D of n bits is scrambled.
Once the vector is in the bus, the hamming weight is
𝐻𝑊

∑

𝑠𝑑 ,

(10.3)

where sdi is each one of the bits of the scrambled data vector. As a result of this operation,
average current intensity and radiated electromagnetic power will be
IDD = Φ(HW), EMDD = Ψ(HW)

(10.4)

Functions Φ() and Ψ() are unknown to an adversary but he can assume the following
powerful hypotheses: i) they are time invariant, and ii) they are monotonic. With (i) any
pre-attack characterization of these functions is useful for a later attack, and with (ii) the
adversary can establish a one-to-one relationship between the physical magnitudes and
the hamming weight. Moreover, owing to (ii) any minimum, maximum and average
values of the physical magnitudes can be estimated without confusion by assessing HW
and vice versa. By using a model in a simulator, the adversary estimates the values of HW
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and calculates the physical magnitudes to generate a rough profile of functions Φ() and
Ψ() using measurements of the real system. Based on this, any attack can then be
conducted by assessing HW.
Before seeing details about the side-channel attacks that can be applied to the scrambling
technique, the attack model of the adversary must be defined.
10.3.2.1. Attack Model
It is assumed that the adversary can measure current consumption using sensors attached
to the power supply or measure electromagnetic radiation by means of antenna probes.
These can detect internal activity mainly in the memory bus, since it is the element
exciting higher currents in microprocessor architectures. The adversary knowns the model
of the cache memory and understands the operation of the scrambling technique used.
Moreover, he has control over some data vectors generated by the CPU but not over all
since it is assumed that the operating system has a Memory Management Unit (MMU)
that can reserve access to given memory addresses for sensitive applications only. For the
same reason he cannot read sensitive data in cache memory directly from the CPU, when
the sensitive program is running, therefore to do so the system must undergo a cold-boot
attack such as those described above. The adversary cannot read cache content from the
outside either because the cache memory cannot be detached from the CPU package and
because other external ports don’t have access to cache.
10.3.2.2. Simple SPA Attack
In a SPA the adversary sends profiling data vectors Dp to the bus and detects the maximum
of IDD or EMDD. After profiling, he selects the profiling data (D*p) maximizing HW.
Assuming a bus of n-bits, the maximum hamming weight that can be achieved is n, that
happens when the scrambled data vector is all ones, SD* = (11...1). Then, to estimate the
correct scrambling vector the adversary does the following reasoning
𝐻𝑊 𝑆𝐷∗

𝑛 → 𝑆𝐷∗

11 … 1 → 𝑆 ∗ ⊕ 𝐷 ∗

11 … 1 → 𝑆 ∗

𝐷∗ ,

(10.5)

where S* is the scrambling vector estimated, which coincides with the real S if the attack
is successful. Because the scrambling circuit is linear, the attack can be conducted by
subsets of bits which reduce the number of profiling data vectors significantly. In this
case, the scrambling vector is estimated in subsets Si* for i = 0, 1, 2,.... For example,
assume that 𝑆 ∗ contains the subset of first three bits, 𝑆 ∗ the second subset of three bits and
so on. In the end, the final S* is the intersection of all subsets
𝑆∗

⋂∀ 𝑆 ∗

(10.6)

Example. Let us suppose that n = 3 as illustrated in Fig. 10.14. The true scrambling vector
is S = (101). The adversary performs the attack by trying all possible profiling data vectors,
Dp, shown at the left-hand side of the figure. The scrambling circuit internally generates
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the scrambled data vectors SD shown at the right-hand side. By measuring the leakage,
the combination producing the maximum hamming weight is discovered, printed in bold.
It corresponds to 𝐷∗ = (010). Finally, inverting it the scrambling vector is estimated,
S* = (101).
10.3.2.3. Differential DPA Attack
Differential DPA attacks are even more powerful than SPA despite requiring longer time
to be completed. In the context of cache memory protected by a scrambling technique,
this attack does not discover the whole scrambling vector at once but estimates it on a bit
by bit basis.

Fig. 10.14. Simple power or electromagnetic analysis attack example.

Let us assume that the adversary attempts to estimate bit sj. He first builds two subsets of
profiling vectors: subsets Dp(dj = 0) and Dp(dj = 1) containing all possible values wherein
bit dj is 0 or 1 respectively. Next, he applies subset Dp(dj = 0) running in a continuous loop
and estimates the average hamming weight, HWavg(dj = 0) of the scrambled data. He then
repeats the same actions but with the second subset, Dp(dj = 1), and estimates again the
average hamming weight, HWavg(dj = 1). Finally, he guesses bit sj* as follows
𝑠∗

0: 𝐻𝑊
1: 𝐻𝑊

𝑑
𝑑

0
0

𝐻𝑊
𝐻𝑊

𝑑
𝑑

1
1

(10.7)

This operation is repeated for each bit until the whole scrambling vector S* is estimated.
The strength of this attack lies in the fact that subsets Dp(dj = 0) and Dp(dj = 1) don’t need
to have all possible combinations of the moving bits. It is enough to change them
randomly what reduces drastically the amount of vectors necessary for a successful attack.
According to our estimations with subsets of 100 random vectors out of 2(n – 1) is enough
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to start obtaining good estimations. Extending the number of vector will gradually
improve these estimations. Another advantage is that, in fact in Eq. (10.7) the comparison
can be made directly from the physical magnitudes IDD or EMDD using external instruments
with low band width instead of estimating the hamming weight. This is true do to the fact
that functions Φ() and Ψ() are monotonic, as was outlined before.
Example. Fig. 10.15 shows an example of DPA attack in which bit number 2 of
scrambling vector is estimated. Initially (top of figure), bit number 2 of profiling vectors
is constant at 0 while the rest of bits are moved in a continuous loop. The average hamming
weight is estimated, HWavg(d2 = 0) = 2. The profiling data vector subset is changed keeping
bit 2 to 1 (middle of figure). The new average value of the hamming weight is now
HWavg(d2 = 0) = 1. Therefore, comparing these two values, according Eq. (10.7), the
estimated bit of the scrambling vector is s2 = 1, which matches the real value.

Fig. 10.15. Differential power or electromagnetic analysis attack example.

10.3.3. Cold-boot and SPA or DPA Combined Attack
As was presented in Section 10.2, all scrambling techniques use a session S as a basic
countermeasure against cold-boot attacks. In more advanced implementations this S is
modified according to the memory address in order to avoid double writing tactics in
memory. For now, let us consider that the basic scrambling technique is implemented and
that the OS do not allow double writings. Assume that memory has data D scrambled with
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Sba and after the cold-boot attack it changes to Saa. Once memory is dumped out using the
same CPU and scrambling circuit, it will recover data as
𝑆𝐷 ⊕ 𝑆

(before attack) ⊕ 𝑆

→ 𝐷⊕𝑆

⊕𝑆

⊕𝑆

(after attack) →

→𝐷⊕𝑆

𝐷,

that will not be the original data, since the scrambling circuit fails in descrambling data.
In order to achieve a successful attack, adversary must know scrambling vectors using
some indirect way, for example exploiting SPA or DPA attacks. These must be realized
before and after the cold-boot. Fig. 10.16 presents the flow-chart of a combined attack.
Before running the compromised program, a side-channel attack is performed to extract
the scrambling vector Sba. Next, the program is executed leaving sensitive data in the cache
memory. Following, it is interrupted by a cold-boot attack which disconnects the power
supply and reconnects again forcing the system to boot from a fake OS. A data dumping
is done in disk and a second side-channel attack is performed afterwards to extract the
new scrambling vector Saa. Finally, data backup is combined with the scrambling vectors
to restore the original data D.

Fig. 10.16. Flow chart of a combined attack: SPA or DPA and cold-boot.

This combined attack can be partially thwarted by changing the scrambling vector at
regular time instants. However, this countermeasure has its own drawbacks. Every time
that S is changed, the data stored in the cache memory becomes corrupted and therefore
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all words must be flagged invalid. This produces serious performance overheads because
all immediate memory readings after this will come from higher levels.

10.4. Countermeasures for Cache Memories
So far, it has been seen that the scrambling technique has been proposed as a
countermeasure against cold-boot attacks. When compared to other more secure
encryption techniques, it presents some advantages between which the most remarkable
is performance. However, the most limiting inconvenient is the low degree of security,
particularly because of its linearity and strong bit to bit dependence. Despite this, when
focusing to the protection of cache memory, scrambling techniques still maintain their
interest because of the strong limitation that the performance degradation can tolerate.
The fact that cache memory is less physically accessible than any other higher-level
memory can counter-balance the lower security provided. In a real implementation, there
are three main weaknesses that should be at least considered:
 Thwarting double writing attacks. In simple implementations using one session
scrambling vector for all cache memory addresses, double writings made out of the
sensitive data memory block could be used to extract the scrambling vector. Therefore,
S must be sensitive to addresses too.
 Thwarting long session keys. More and more, portable devices keep sessions running
during weeks or months before any reboot. Session key cannot rely only on reboots of
the system, otherwise it would be constant for long periods of time. Therefore, the
validity of S must be limited in time.
 Thwarting power consumption or electromagnetic radiation leakages. SPA or DPA
attacks that can be exploited to conduct successful cold-boot attacks. The linearity
existing between scrambled data and hamming weight must be modified such that the
analysis of maximum/minimum values or averages power consumption/
electromagnetic radiation could not be grasped immediately for the estimation of S.
According to our analysis, these minimum requirements can be achieved if the design of
the scrambling technique considers the following milestones:
1. Regular refresh of scrambling vectors, in order to dodge attacks exploiting long
term keys, such combined side-channel attacks. The scrambling vector must expire
and be refreshed periodically such that any possible leaked information retrieved
have a limited time validity. The S should be also made dependent of the address but
this later tactic would never substitute the former one.
2. Generate scrambling vectors with high quality random properties. The
periodical refresh of S implies using random generators. True Random Number
Generators (True Random Number Generator (TRNG)) make the modeling of the
source very difficult and thus the prediction of refreshing rules harder.
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Pseudo-Random Number Generators (PRNG) are fast circuits, usually faster than
TRNG. Using these two types of generators, fast and high quality random number
generator can be achieved [43]. Usually TRNG include some kind of PRNG
technology inside, thus we will speak of TRNGs from now on.
From our analysis we see that S must be obtained from a TRNG sources exclusively
because they are the fastest and highest quality modules providing better random
properties. Other methodologies like encryption or hash functions that smooth the
random profile of bits should not be used because they introduce much time lag
penalty. If S must be dependent of parameters like address or time, this should be
done indirectly, but keeping TRNG as the only source of S, i.e. never postprocessing
the TRNG output.
3. Softly refresh of scrambling vectors, producing minimum disturbances in time
and power. Memories containing scrambled data, have the problem that any change
in S will corrupt stored data and therefore updating actions will be necessary. It is
vital to avoid long time interruptions and large data transfers, because it could be
detected by power or time measurements and, thus, it would rise the attention of
adversaries and degrade system performance.
In the next sections the Interleaved Scrambling Technique (IST) is presented that is
designed considering the previous milestones [44, 45]. It works with scrambling vectors
that have dependence on address and time but are exclusively generated by TRNGs.
Encrypting or hashing functions are avoided to limit the degradation of performance, and
refresh is performed smoothly without interrupting data transfer through bus.
10.4.1. Interleaved Scrambling Technique
In this technique instead of working with a single scrambling vector it works with pairs.
Thus, the S in a regular technique becomes {S0, S1} in IST. As a consequence, the
substitution of an old scrambling vector for a new one it can be done gradually, without
invalidating previous cached data. Figs. 10.17 and 10.18 show an illustrative example.
First Fig. 10.17 shows the refreshing sequence in a regular technique (from left to right).
Assume that scrambling vector is Si and that cache memory have four lines in which
subsequent writings store scrambled data until all lines are occupied. After a given time
interval scrambling vector is changed Si → Si+1 and next writings start using this new
value. As it is highlighted in the figure, older data becomes invalid and no more reads can
be done over them.
Second Fig. 10.18 illustrates the new operation with pairs of scrambling vectors. Initially
𝑆 is generated and stored in a young register, which is used for scrambling writing and
descrambling reading operations. After a given time interval it is changed by a new
scrambling vector 𝑆 → 𝑆 that is stored in the young register, while the previous 𝑆 is
moved to an old register for the subsequent readings of old data. Once no old data remains
in the cache memory, the old register is freed and a new refresh is allowed. At this point,
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imagine that 𝑆
→𝑆
is stored in the young register for new writings. As before,
previous 𝑆 is moved to the old register for subsequent readings of old data. As can be
observed, these alternating roles between young and old scrambling vectors smooth the
data writings and readings at the scrambling vector update.

Fig. 10.17. Regular scrambling technique refresh.

Fig. 10.18. Interleaved scrambling technique refresh.

At the previous example, in fact, there are not young and old registers but two registers
labelled 0 and 1 (notice the superscript at the scrambling vector symbols). An internal flag
(youth flag) is used to point to the young register, either the 0 or 1.
10.4.1.1. Scrambler Table
The central part of the IST is the Scrambler Table (ST). It contains K rows of five fields
each, see Fig. 10.19. From left to right: sw is the youth flag, C0 is the age counter zero, S0
is the scrambling vector zero, C1 is the age counter one, and S1 is the scrambling vector
one. When the CPU writes data to the cache they are scrambled using one of the two
scrambling vectors, S0 or S1, depending on at which the youth flag points. During CPU
reading, both S0 or S1 can be used for descrambling, it will depend of the information
stored in the cache memory. Flag sw always points to the young scrambling vector (Ssw)
which is used for writing while Ssw is the old scrambling vector only used for descrambling
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data read by CPU. In the same row J of the ST the young and old roles of the scrambling
vectors are always paired.

Fig. 10.19. Interleaved scrambling technique, writing cycle.

Age counters C0 and C1 count for the number of times the corresponding scrambling
vector are actually being used in the cache memory. Thus, if scrambled data is stored
using Ssw, age counter Csw will be increased. Furthermore, if existing data in cache that
was scrambled with Ssw is overwritten using a different scrambling vector, then Csw will
be decreased. Consider NBCM to be the number of data blocks in the cache memory that
contain scrambled data, the following equality will always be satisfied
𝑁𝐵

∑

𝐶

𝐶

(10.8)

While this is always true, in the IST the values of the individual age counters are
dynamically changed during writing operations, such that it becomes difficult to know at
a given time instant how many data blocks are using a particular scrambling vector. The
ST controller is the managing unit and contains several key registers. I and T* are the index
and tag fields obtained from the address generated by the CPU during the writing
operation. From these, the ST internal table index J is generated following one of these
two schemes: the Set Address Unsynchronized (SAU) or the Set Address Synchronized
(SAS). In the SAU scheme both I and T* are considered while generating J as follows
𝐽 ≡ 𝐼 ⊕ 𝑇 ∗ mod𝐾 ,

(10.9)
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which implies that the selection of the scrambling vector is a function of these two fields
and the youth flag. In the SAS scheme only the I is taken to generate the ST internal table
index J as follows
𝐽 ≡ 𝐼 mod𝐾

(10.10)

While the scheme SAS can be implemented with a simpler control, the SAU scheme will
generate a more unpredictable distribution of scrambling vectors in the cache memory.
Inside the ST controller (Fig. 10.20), register Rnd contains the last random value generated
by a True Random Number Generator (TRNG) module. The content of this register is
refreshed on demand of the ST controller and is triggered each time a new scrambling
vector is required. This happens when an old age counter (𝐶 ) is decremented down to
0, the content of the corresponding scrambling vector is refreshed (𝑆 ← Rnd) and the
TRNG is triggered again.

Fig. 10.20. ST controller.

Register CTH is the age counter threshold and is used for the management of the youth flag
(sw). Youth flag always points to the young scrambling vector (Ssw), which is always used
during CPU writing operations. Consequently, the corresponding age counter (Csw) will
tend to increase as different writings succeed. After a number of operations, the roles of
young and old scrambling vectors are changed by switching the flag sw, moment at which
the current scrambling vector is not used for writing anymore. Switching the youth flag
occurs if the two following conditions are satisfied
𝐶
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𝐶

∧ 𝐶

0 ⇒

first.
second.

𝑆 ← 𝑅𝑛𝑑
𝑠𝑤 ← 𝑠𝑤

(10.11)
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while increasing must overflow the threshold and the old
The young age counter 𝐶
, while decreasing must equal to 0. Once at this point, the old
age counter 𝐶
scrambling vector is refreshed with the content of Rnd register and the youth flag
is switched.
Next flags and registers in the ST controller are necessary for the management of the age
counters. Flag VI contains the valid bit corresponding to the data block pointed by I during
writing, see Fig. 10.19. According to the cache controller policy one of the data blocks of
line I will be selected for writing and therefore it is necessary to know if the previous
scrambled data there was valid. If it was not, then none age counter is decremented. Flag
srI is the youth flag previously stored in the cache memory. Register 𝑇 contains the tag
of the previous data block stored in the cache memory pointed in this writing. Registers J
and J’ contain the ST internal index obtained from I and T* or T’ respectively in the SAU
scheme, see Eq. (10.9). J is used for pointing to the internal ST table while J’ is used only
for comparison in next equations. In the SAS scheme J and J’ are the same and are
calculated according Eq. (10.10).
As explained so far, after writing there are two age counters that need to be updated, one
incrementing and the other decrementing. The updating rules are specified in the
following formulas
𝐶

←

𝐶

←

𝐽

𝐽′ ∨ 𝑠𝑤 𝑠𝑟 ∨ 𝑉 : 𝐶
𝑒𝑙𝑠𝑒: 𝐶

𝐽

𝐽′ ∨ 𝑠𝑤

𝑠𝑟

∧𝑉 ∧ 𝐶

𝑒𝑙𝑠𝑒: 𝐶

1
,
0 :𝐶

1

(10.12)

The young age counter (𝐶 ) is incremented only if the block of data to be written is not
valid or if the previous scrambling vector was different. Otherwise, it is not changed. The
age counter to be decreased (𝐶 ), always the old in SAS but in the SAU scheme it can be
the young too, is decreased if the block of data to be written is valid and the previous
scrambling vector was different. Otherwise, it is not modified.
To correctly integrate IST in the CPU-cache memory architecture there are a couple of
enhancements necessary in the cache memory. i) The youth flag must be stored in the data
block, it is the srI seen in Eq. (10.12) and Fig. 10.19, ii) The data block tag field 𝑇 must
be sent to ST during writing operations.
10.4.1.2. ST Resource Requirements
The area required by ST is a function strongly related to the expected refresh ratio of the
scrambling vectors. Suppose having the two opposite situations:
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1. ST has only one row, K = 1. Therefore, only one pair of scrambling vectors will be
interleaving as young and old, in order to periodically refresh their value. In this
context, the old scrambling vector will be refreshed just after the young one has
occupied all data blocks of the cache memory. Thus, refreshing rate is expected to be
the lowest possible but on the contrary the area occupied by the ST implementation
will be the minimum.
2. ST has as many rows as the number of data blocks in the cache memory, K = NBCM.
Thus, each data block has associated a pair of distinct scrambling vectors whom
interleave to allow refreshment. Therefore, after any writing operation the old
scrambling vector will be refreshed. In this case, the refreshment rate is expected to
be the highest possible but on the other hand the requirements of area will be the
maximum.
It is seen then, that adding more or fewer rows in ST becomes a trade-off between the
refreshment rate and the area. The higher the refreshment rate is aimed, the larger the ST
table area is needed. Let us assume that Fw is the average writing frequency in cache
memory. The average refreshment rate of the scrambling vectors can be estimated as
𝑢

𝐹
𝐹

𝐾
𝑁𝐵

(10.13)

where FS is the scrambling vectors average refreshment frequency.
The area requirement can be estimated, in a first approximation, as the number of bits
stored in the ST internal table. One row has the following number of bits: n for the
scrambling vectors (the same as data words), and m for the age counters. Therefore, the
total number of bits in a row is (2n + 2m + 1) which includes the youth flag. Parameter m
depends on the scheme selected, SAS or SAU, as was discussed before in Eqs. (10.9)
and (10.10).
In the SAU scheme any age counter can accumulate a maximum value equal to the number
of data blocks in the cache memory plus one. Therefore, 𝑚
⌈log 𝑁𝐵
1 ⌉. In
the SAS scheme the maximum value expected in any age counter is the number of data
blocks in the cache memory divided by the number of ways (W ) and the number of rows
(K) of ST plus one. Hence, 𝑚
⌈log 𝑁𝐵 / 𝑊 ∙ 𝐾
1 ⌉.
The area occupied by the cache memory ACM is closely proportional to the number of
stored bits, then ACM ≈ φꞏ NBCM ꞏ n, where φ is the area per bit factor. The area occupied
by the ST internal table it depends on K and the scheme selected. Therefore, the occupancy
ratio of the ST can be estimated as
𝑎
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𝐴
𝐴

𝜑 2𝑛
𝜑

2⌈log 𝑁𝐵 / 𝑊 ⋅ 𝐾
𝑁𝐵 ⋅ 𝑛

1 ⌉

1 ⋅𝐾

(10.14)
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𝐴

𝑎

2⌈log 𝑁𝐵
1 ⌉
𝑁𝐵 ⋅ 𝑛

𝜑 2𝑛
𝜑

𝐴

1 ⋅𝐾

,

where AST is the area of ST and is assumed to be approximately proportional to the number
of bits of the internal table, being φ the factor of proportionality.
It has been found that a balanced trade-off between refresh and occupancy ratios is:
𝑁𝐵 and 𝐾
𝑁𝐵 /𝑊. As a consequence, Eqs. (10.13) and (10.14)
𝐾
become
𝑆𝐴𝑈

𝑢
𝑎

2𝑛

1/ 𝑁𝐵

2⌈log 𝑁𝐵

1 ⌉

1 /

𝑁𝐵

⋅𝑛

(10.15)
𝑆𝐴𝑆

1/ 𝑁𝐵

𝑢
𝑎

2𝑛

2⌈log

𝑁𝐵

/𝑊

⋅𝑊
1 ⌉

1 /

𝑁𝐵

⋅𝑊⋅𝑛

In Table 10.1 these ratios are evaluated for an architecture of 32 bits. Sizes for the cache
memory vary from 1 K to 400 K data blocks. SAS schemes are assessed for cache
memories of 1, 2 and 4 ways. The maximum values are found for the smaller cache
memory (1 K data block) with refreshing rate of 3.162 %, meaning that on average one
scrambling vector is updated after each 32 writes. Also, in this case, the area of ST is an
8.4 % of the cache memory area.
Table 10.1. Evaluation of Eq. (10.15) for n = 32.

NBCM
K
1

usau
%
3.162

asau
%
8.400

W=1
usas
asas
%
%
3.162 7.412

W=2
usau
asas
%
%
2.236 5.171

W=4
usau
asas
%
%
1.581 3.607

2

2.236

6.079

2.236

5.311

1.581

3.706

1.118

2.585

4

1.581

4.398

1.581

3.805

1.118

2.655

0.791

1.853

7

1.195

3.399

1.195

2.913

0.845

2.034

0.598

1.419

10

1.000

2.906

1.000

2.469

0.707

1.724

0.500

1.203

20

0.707

2.099

0.707

1.768

0.500

1.234

0.354

0.862

40

0.500

1.516

0.500

1.266

0.354

0.884

0.250

0.617

70

0.378

1.169

0.378

0.969

0.267

0.677

0.189

0.472

100

0.316

0.978

0.316

0.810

0.224

0.566

0.158

0.395

200

0.224

0.706

0.224

0.580

0.158

0.405

0.112

0.283

400

0.158

0.509

0.158

0.415

0.112

0.290

0.079

0.203
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10.4.1.3. Reading and Writing Cycles
In Fig. 10.19 the elements involved in the writing cycle are presented. It begins with the
CPU generating the memory address and data, {T*, I, D}. Address {T*, I} is sent to ST
and from it the youth flag (sw) and the young scrambling vector (S) are retrieved. Plaintext
data vector (D) is scrambled SD ← D ⊕ S and is sent to the cache memory together with
the address and the youth flag {T*, I, SD, sw}. At the same time, the cache controller sends
previous tag and flags {T’, sr, V} to ST for the correct management of the age counters.
The cycle ends with the storage of SD at the corresponding data block. Algorithm 1
describes in a pseudo-code procedure all the operations included in this writing cycle.

The reading cycle is simpler, all the elements involved are presented in Fig. 10.21.
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Fig. 10.21. Interleaved scrambling technique, reading cycle.

It begins with the CPU generating the memory address {T, I} and checking if the hit flag
is active. If yes, then the following actions are done: the youth flag (sr) is read from cache
and is sent to ST and from it the scrambling vector S is retrieved. Once scrambled data SD
is available from cache it is descrambled, D ← SD ⊕ S, and the plaintext data is
transferred to the CPU. Algorithm 2 describes in a pseudo-code procedure all the
operations included in this reading cycle.
10.4.1.4. Evaluation of the Refreshing Rates
A simulator has been developed in C++ to assess the refreshing mechanism of the IST
technique. A model of 1-way and 1-bank cache memory, with a 16 bytes data block, whose
size can be reconfigured, has been implemented. Data writing and reading operations are
stored in a file which contains traces of bus activity. These, can be recorded from real
computer data bus transfers. In the simulator, architecture of the ST table can be defined
and its internal activity is registered through different parameters like: scrambling vector
refreshes, scrambling counters’ states, flag activities, etc.
A neutral trace file including 100,000 memory write operations is generated with random
data and memory addresses. The state of the scrambling counters and the time instances
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at which scrambling vectors are refreshed is recorded and presented next. In Fig. 10.22
the plots of a 16 kB cache memory for SAS and SAU architectures are shown, where
x-axis shows the writing cycle step and y-axis the counter units. In the ST table, after each
writing operation, the content of the scrambler counters type 0 and 1 are calculated.

Sum ∑∀ 𝐶 (red dots) and ∑∀ 𝐶 (black line) count how many scrambling vectors of
type 0 𝑆 and 1 𝑆 are used in data blocks of the cache memory respectively.
Initially the cache memory is empty and thus the two counter types increase, since
scrambling vectors of both types are being scrambled to the data blocks. After one of the
types reaches the maximum, then and undulating evolution follows indefinitely caused by
the IST managing of young and old scrambling vectors. Scrambling vectors refresh when
the slope of counter sum changes. Therefore, the oscillating evolution of the plots indicate
that there are continuous refreshes, of type 0 or 1 when black line slope or red dots increase
respectively. The exact write cycle where the refreshes take place are marked with black
lines atop the x-axis.
One interesting observation is that both architectures, SAS and SAU present a high ratio
of refreshes, on average 127 and 32 write cycles per refresh respectively, these numbers
are u−1 as defined in Eq. (10.13), while the exact numbers will be highly dependent of the
bus activity. Another interesting point is the substantial erratic component of the counter’s
evolution. Despite the rather periodic behavior, they present considerable noise.
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Fig. 10.22. Evolution of the ST counters in the IST technique. Total sum of counters
type 0 and 1 are plotted. Cache memory is 16 kB with a data block of 16 bytes. Scrambler table
has K = 32 lines. Write operations are 100,000 with random data and addresses. Threshold
parameter is CTH = 8.

In Fig. 10.23 these results for a cache memory of 256 kB are shown. The number of lines
of the ST table are K = 128. Due to K parameter is calculate following the square root law
selected for Eqs. (10.15), it is seen that the refreshing ratio tends to decrease (or u−1 to
increase), which for this case are 368 and 123 writing cycles per new scrambling
vector refresh.
In Table 10.2 the results of simulated configurations are presented. The first column shows
the cache memory sizes which varies from 16 to 1024 kB. In the second column the
number of ST table lines is printed following the square root relationship. At the third
column, the refreshing ratio (inverted u−1) is calculated according to Eq. (10.13). Next, in
the fourth column, the different thresholds used to regulate the switching between young
and old scrambling vectors are given. At the fifth and sixth columns, results for the SAS
architecture are listed: the refreshing ratio obtained by simulation (uS−1) and the Pearson
coefficient ρAB.
The Pearson coefficient measures the linear relationship between two sequences A and B.
If the two sequences are totally dependent (proportional) it gives 1 or −1 while for totally
independent sequences it gives 0. In our case, ρAB is selected to calculate the
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auto-correlation of the sequence ∑∀ 𝐶 , in which the two halfs of the 100,000 values are
compared. Subset A and B are the first and second sequences of 50,000 values
respectively.

Fig. 10.23. Evolution of the ST counters in the IST technique. Total sum of counters
type 0 and 1 are plotted. Cache memory is 256 kB with a data block of 16 bytes. Scrambler table
has K = 128 lines. Write operations are 100,000 with random data and addresses. Threshold
parameter is CTH = 8.

Typically, a random sequence would produce a 0 coefficient while a periodic one would
give 1 or -1 for in phase halves.
The last two columns, seventh and eighth, present the same results for the SAU
architecture. At the lower part of the table, the averages or these results are provided. For
the refreshing ratios the quotient between the estimated and simulated ones are calculated,
while for the Pearson coefficient the averages of absolute values are obtained. With
respect to the refreshing ratio, it is seen that SAS architecture tends to increase the number
of writing cycles between refreshes by a factor of 3.36. This deviation is caused because,
in this case, there are many writes that target same lines of the cache memory having the
same type of scrambling vector. This quotient is the matching ration in writing cycles. In
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the SAU architecture the estimated and simulated ratios are close each other, 1.13. In this
case, the matching ratio between successive writing cycles is very low because the
selection of the scrambling vector also depends on the address tag, which rarely matches.
With respect to the Pearson coefficient, in both architectures they are similar, 0.433 and
0.403 respectively. They indicate that the patterns of the refreshing time instances are not
totally random but nor regular and predictable, since they present lower auto-correlation.
Table 10.2. Refresh rates and Pearson metrics for different sizes of cache memory and ST table.

10.4.1.5. Evaluation of Area, Power and Time Overheads
The evaluation of the area, power and time overheads of the IST technique is carried out
considering a standard L2 cache. The CACTI tool [46] is selected for the estimation of
the area, power and access time for different architecture sizes.
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CACTI is a tool from HP that generates cost predictions for cache memory architectures
that can be tuned for several parameters including line size, associativity, number of
banks, technology nodes, etc. It allows to do space exploration of different alternatives
during the initial steps of a design.
In order to estimate the overheads of the IST when it is added to a cache memory, we
consider the following methodology. The particular logic implementation whose costs
need to be evaluated is split in sub-blocks whose architectures resemble as close as
possible to a cache memory. Then, different cache memories are dimensioned according
to the sub-block parameters and technology, and their cost predictions are obtained with
the CACTI tool. Finally, an artefact is created to combine the predictions of the subblocks
following the rules of the global design for which the final cost predictions are generated.
In our particular case, the IST technology consists of two main blocks, the L2 cache
memory itself and the ST table which contains sets of scrambling vectors. They are
selected according to certain replacement rules, additional auxiliary registers and flags.
The other two main sub-blocks are the scrambling circuit and the TRNG.
The extraction of parameters and artefact for the cost estimation are as follows:
 L2 cache memory – in all IST versions each cache data block needs one extra flags.
 ST table – in IST the size of this table grows as the square root of the L2 cache memory
size according to the rules from Eq. (10.15). With respect to the effect of the delay
(access time) of the cache emulating this table, it is added to the L2 cache memory
time as a worst case scenario. With respect to the area and power they are added too.
 TRNG – we do not consider the cost of the random generator because it is constant
and independent of the architecture size.
In our analysis, a technology of 45 nm has been selected. We consider cache sizes for 128,
512 and 2048 KB, a block size of 16 bytes, one bank and 1-way, 2-way and 4-way set
associative. In Table 10.3 a summary of the analyzed cases is found. For each
configuration the size in bytes, blocks and lines in the cache memory is printed. At the
right side of the table, the main parameters for the two IST schemes, SAU and SAS, are
included according Eq. (10.15). In each, K is the number of lines of the ST, u is the refresh
ratio in average number of refreshes per write and a is the estimated area overhead
(according to equations).
The results obtained with the CACTI tool are listed in Table 10.4. It includes the size in
number of bytes, the area, the power consumption and the access time. For each
configuration, the raw data for the L2 cache alone is printed first. Below, the data for the
cache memory with the IST is shown, first for the SAS configuration and next for the
SAU. Looking first at the area column, we can see that the estimations presented in
Table 10.3 with the a ratio are not far from the values calculated by CACTI but they tend
to be lower, possibly because they ignore all the control logic. A second point to notice is
that the highest are overhead found is 4.62 % for the 128 KB 4-way cache with SAU IST.
In this case the refresh ratio is 1.10 % which means that on average every scrambling
342

Chapter 10. Hardware Level Security Techniques Against Reading of Cache Memory Sensitive Data

vector will be refreshed after 91 writing operations. The smallest area overhead is 0,35 %
for the 2,048 KB 4-way cache with SAS IST. In this case the refresh ratio is 0.14 %, which
is 1 refresh after 715 writing operations. Concerning the power consumption, the highest
overhead is 37.21 % found in 128 KB 4-way cache with SAU IST. The lowest overhead
is 3.36 % for the 2,048 KB 4-way with SAU IST configuration. With respect to access
time, the highest overhead is 48.16 % found in the 128 KB 1-way SAS IST configuration
while the lowest is 13.99 % for the cache of 2048 KB 4-way SAS IST.
Table 10.3. Configurations analyzed with CACTI tool, results are in Table 10.4. Data block is
16 bytes. K is the number of lines in the ST. u is the refresh ratio (average number of refreshes
per writing). a is the estimated area overhead.
L2 cache
128 K
512 K
2048 K
L2 cache
128 K
512 K
2048 K
L2 cache
128 K
512 K
2048 K

Size
in bytes in blocks
131,072
8,192
524,288
32,768
2,097,152 131,072
Size
in bytes in blocks
131,072
8,192
524,288
32,768
2,097,152 131,072
Size
in bytes in blocks
131,072
8,192
524,288
32,768
2,097,152 131,072

1-WAY set associative
SAU
in lines
K
u
8,192
91 1.10 %
32,768 182 0.55 %
131,072 363 0.28 %
2-WAY set associative
SAU
in lines
K
u
4,096
91 1.10 %
16,384 182 0.55 %
65,536 363 0.28 %
4-WAY set associative
SAU
in lines
K
u
2,048
91 1.10 %
8,192
182 0.55 %
32,768 363 0.28 %

a
2.45 %
1.24 %
0.63 %

K
91
182
363

SAS
u
1.10 %
0.55 %
0.28 %

a
2.45 %
1.24 %
0.63 %

a
2.45 %
1.24 %
0.63 %

K
64
128
256

SAS
u
0.78 %
0.39 %
0.20 %

a
1.65 %
0.83 %
0.42 %

K
46
91
182

SAS
u
0.55 %
0.28 %
0.14 %

a
1.15 %
0.58 %
0.29 %

a
2.45 %
1.24 %
0.63 %

As a general trend, it can be observed that, as the size of the cache memory increases, all
overheads tend to decrease. With respect to the refresh ratios u, IST applied in larger
memories have lower values for u. This is cause by the root square law used in Eq. (10.15).
It may seem an inconvenient, but in practice it is not because in our opinion this lower
refresh ratio may be compensated by the higher number of scrambling vectors, see K
values in comparison in Table 10.3.
It has been seen that IST severely mitigates the problem of double writings attacks in
cache memory, it reduces the effects of scrambling vector leakages by refreshing them
periodically, it keeps the best quality for the scrambling vectors by avoiding TRNG
post-processing and it keeps a high performance level in transactions between CPU and
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cache memory. However, there is a trade-off between refresh ratio and area overhead that
does not allow increasing the former one unlimitedly.

Table 10.4. CACTI results for different configurations presented in Table 10.3.

L2 cache
+IST(SAS)
+IST(SAU)

Size
KB
131.07 Overhead
131.95
0.67 %
132.11
0.79 %

1 – WAY set associative
Area
Power
mm²
mW
1.1452 Overhead 280.19 Overhead
1.1705 2.21 % 358.26 27.86 %
1.1770 2.78 % 361.73 29.10 %

Access time
ns
0.6239 Overhead
0.9244
48.16 %
0.9084
45.60 %

L2 cache
+IST(SAS)
+IST(SAU)

524.29 Overhead
526.09
0.34 %
526.45
0.41 %

3.1233 Overhead 643.70 Overhead
3.1599 1.17 % 724.65 12.58 %
3.1610 1.21 % 720.30 11.90 %

0.9832 Overhead
1.2850
30.70 %
1.2856
30.76 %

2,097.15 Overhead 10.5372 Overhead 1762.71 Overhead
L2 cache
+IST(SAS) 2,100.83 0.18 % 10.5866 0.47 % 1853.09 5.13 %
+IST(SAU) 2,101.63 0.21 % 10.6079 0.67 % 1838.04 4.27 %
2 – WAY set associative
Size
Area
Power
KB
mm²
mW
131.07
Overhead
0.6825
Overhead
217.97
Overhead
L2 cache
0.47 % 0.7060
3.44 %
296.58 36.06 %
+IST(SAS) 131.68
+IST(SAU) 132.09
0.78 % 0.7139
4.60 %
299.60 37.45 %

1.8220 Overhead
2.1510
18.06 %
2.1495
17.97 %
Access time
ns
0.7793 Overhead
1.0673 36.96 %
1.0622 36.30 %

524.29 Overhead 2.3240 Overhead 460.76 Overhead 1.2126 Overhead
L2 cache
0.24 % 2.3570
1.42 %
542.00 17.63 % 1.5021 23.87 %
+IST(SAS) 525.53
+IST(SAU) 526.41
0.40 % 2.3617
1.62 %
537.36 16.62 % 1.5150 24.94 %
L2 cache 2,097.15 Overhead 10.1190 Overhead 2238.16 Overhead 2.1584 Overhead
2315.28 3.45 %
2.4654 14.22 %
+IST(SAS) 2,099.69 0.12 % 10.1581 0.39 %
+IST(SAU) 2,101.54 0.21 % 10.1905 0.71 %
2313.69 3.37 %
2.4855 15.15 %
4 – WAY set associative
Area
Power
Access time
Size
KB
mm²
mW
ns
131.07 Overhead 0.6799 Overhead 219.4 Overhead 0.7715 Overhead
L2 cache
+IST(SAS) 131.48
0.31 %
+IST(SAU) 132.06
0.76 %
0.7113 4.62 % 301.03 37.21 % 1.0544 36.67 %
524.29 Overhead
525.13
0.16 %
526.36
0.39 %

2.2562 Overhead 480.72 Overhead 1.2029 Overhead
2.2813
1.11 % 558.83 16.25 % 1.5021 24.87 %
2.2939
1.67 % 557.32 15.93 % 1.5053 25.14 %

2,097.15 Overhead
L2 cache
+IST(SAS) 2,098.87 0.08 %
+IST(SAU) 2,101.45 0.21 %

10.1175 Overhead 2239.42 Overhead 2.1392 Overhead
10.1532 0.35 % 2320.41 3.62 %
2.4384 13.99 %
10.1879 0.70 % 2314.58 3.36 % 2.4648 15.22 %

L2 cache
+IST(SAS)
+IST(SAU)
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Notice that this refresh ratio u (average number of refreshes per writing operation),
presented in Eq. (10.13), can be increased by enlarging the number of scrambling vectors
stored in the internal table ST, parameter K (number of lines of the table). On the other
hand, Eq. (10.14) estimates the area overhead ratio a which increases with K too.
Fighting against side-channel attacks, in particular SPA and DPA, is necessary if we want
to defeat combined attacks as was exposed in Subsection 10.3.3. An aggressive
countermeasure based only on IST would need to increase the refreshing ratio at a very
high values and therefore it would negatively impact in the total area overhead, forcing
the design of a much larger structure for the IST.
Alternatively, combined attacks can be better thwarted using combined countermeasures
too. On the one hand, a moderate refresh ratio, as presented in Table 10.1, is selected (base
on the square root rule, see Subsection 10.4.1.2). On the other hand, a strategy to reduce
the leakage of information can be applied which reduces the chances of the adversary to
extract useful data that could be exploited. In next sections, we will present two different
tactics that aim to achieve this reduction against simple and differential power and
electromagnetic radiation analysis attacks, SPA and DPA.
10.4.2. Enhanced IST to Defeat SPA Attacks
The enhanced IST (ISTe) is an extension of the IST technique that increase its security
against combined attacks (Subsection 10.3.5), in particular those that exploit SPA. As was
exposed in Subsection 10.3.2.2, in SPA the detection of the maximum hamming weight
is exploited to identify the profiling data word Dp* whose inversion estimates the correct
scrambling vector, 𝑆 ∗
𝐷∗ . An example was given using a regular scrambling
technique. For the sake of clarity, in the next paragraphs the same regular scrambling
technique will be assume to explain the proposed countermeasure. It can be understood,
however, that the technique proposed is orthogonal to the IST and thus that they can be
combined giving the corresponding augmented security.
Permanent faults in memories are difficult to mitigate but are barely encountered. On the
other hand, transient faults that generate soft errors due to radiation are more likely to
happen and the main causes are usually high-energy neutrons and alpha-particles.
Dynamic RAMs are susceptible to radiation-type errors that manifest as unidirectional bit
flips [47, 48]. Because of the high packing density of the DRAM cells, the upset can be
on multiple adjacent cells and creating burst errors in the word line [17].
10.4.2.1. Error Detection and Correction Codes
Since many years, Error Detection and Correction codes (EDC) have been used in
memories in order to deal with errors of low multiplicity. These codes are based on
computing the check bits for the original information data and appending them to the data
bits. The simplest form is the parity bit which is an extra bit added to the data that
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represents the XOR (or its complement) of all the information bits. If an odd number of
errors occur, the parity bit will have a different value, hence the error(s) are detected.
The most often codification techniques used for EDC are: Hamming, BCH, ReedSolomon and Berger codes. For the Hamming codes, the most common is the Single Error
Correct-Double Error Detect (SEC-DED) [49], upon which various improvements have
been made to deal with multiple errors, [50-52]. Although these codes are powerful, they
present a high latency when computing check bits and are not adequate for errors of high
multiplicity concentrated in one word. BCH codes are a class of parameterized
error-correcting codes. The advantage is the simplicity of the electronic hardware to
perform the syndrome decoding. A good example is presented in [53] that has the ability
to correct 5 and detect 6 errors. Although its high latency for correcting a special
mechanism is used to disable specific erroneous lines [54]. The downside is when multiple
errors occur, because the disabled line cannot be used until corrected, if it is possible.
Reed-Solomon (RS) are even more powerful codes [49]. The code is efficient when
detecting and correcting random multiple-bit burst errors. However, the computations for
detecting and correcting are complex and, thus, it has a large time latency.
With the advent of Chip Multi-Processors (CMP) the necessity of larger and multiport
cache memories forced the entry of DRAM technology in the design of the higher cache
memories levels, together with 3D stacking technology [55]. Later, the improvement of
DRAM inner latencies extended its use at lower levels [56]. Unlike SRAM, in DRAM
technology errors are unidirectional. None of the codes above consider this fact and
therefore lose efficiency. Berger code is a well-known EDC that exploits unidirectionality
allowing the detection of any number of errors [57, 58]. In its initial form localization and
correction is not possible. However, in [59] a modification is proposed that enhances
Berger codes with correction and localization capabilities. The outstanding feature of this
error Detection, Localization and Correction (eDLC) technique is the fast speed of the
redundancy generation, verification and correction circuitry. The most significant
drawback is the redundancy overheat but, when it is applied in cache memories, the gain
in speed outperforms the overhead of area since it reduces significantly the accesses to
higher memory levels when errors occur.
The eDLC technique has another interesting feature due to the fact that works with
unidirectional errors and is its asymmetry in the number of ones in the set of codewords.
Interestingly, this characteristic can be exploited for our objective, which is the reduction
of information leakage in the scrambling technique. In the following paragraphs this
feature is explained.
10.4.2.2. Integrating eDLC with the Scrambling Technique
Consider that a cache memory with eDLC error correction technique must be protected
using a scrambling technique like IST. This scrambling can be modified to unify the error
correction and security in order to reduce the leakage as it is explained next.
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Fig. 10.24 shows an overview of ISTe with internal parts, eDLC and IST (here is
simplified to a single scrambling vector for simplicity). eDLC creates a full adder tree that
generates redundant bits (carry and sum) at each subset of three data bits (D3) of the data
bus. The redundant bits, which count the number of 1 ns in the data subset, are appended
to the data bits generating words D5 and stored in the cache memory.

Fig. 10.24. Overview of the enhanced Interleaved Scrambling Technique ISTe.

During the reading phase, the redundant bits are checked in the eDLC unit (not included
in the figure) and in presence of an error they are used for localizing and correcting data
transferred to the CPU.
When the scrambling circuit is added, it receives data vectors in the format
𝐷
. . . , 𝑑 𝑑 𝑑 , 𝑐 , 𝑠 , . . . and generates the scrambled data with the same number
of bits. For it uses an extended scrambling vector 𝑆
. . . , 𝑠 𝑠 𝑠 , 𝑠 , 𝑠 , . . . , in
which the extension scrambles the redundant bits of data too. After scrambling the
scrambled data vector is 𝑆𝐷
. . . , 𝑠𝑑 𝑠𝑑 𝑠𝑑 , 𝑠𝑐 , 𝑠𝑠 , . . . in which each bit is the
XOR of the corresponding data (including redundancy) and scrambled data vector bits.
When the error correction and scrambling techniques are combined, a leakage reduction
is achieved if scrambling vector bits are generated with the following equations:
𝑠 𝑠 𝑠
𝑠
𝑠

𝑟𝑎𝑛𝑑 ,

𝑛𝑜𝑡 𝑐𝑎𝑟𝑟𝑦 𝑠 , 𝑠 , 𝑠
𝑛𝑜𝑡 𝑠𝑢𝑚 𝑠 , 𝑠 , 𝑠

,
,

(10.16)
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in which carry() and sum() are the functions of a three bit full adder. Bits 𝑠 𝑠 𝑠 are
generated randomly, as before, while bits 𝑠 and 𝑠 are generated in such a way that
scrambling vector words are non-codewords of the data set. The advantage of this strategy
is that the maximum hamming weight of the scrambled data does not match the data with
the maximum hamming weight, maximums are detached as it is shown in the following
example. In Table 10.5 the codeword set for D5 and non-codeword set for S5 are shown.

Table 10.5. Codewords and non-codewords of the ISTe technique.

Example. In previous Fig. 10.14 an example of SPA attack applied on a regular
scrambling technique was presented. This same example is shown in Fig. 10.25 for the
ISTe technique.

Fig. 10.25. Simple power or electromagnetic analysis attack in the ISTe countermeasure.

Adversary prepares profiling. All data vectors Dp are generated and written in the cache
memory and hamming weight detected. During the writing process first, redundancy is
appended by eDLC and D5 words are generated (yellow columns are calculated with the
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full adder function). Then, they are scrambled with scrambling vector S5 (yellow bits are
calculated with Eqs. (10.16)) and the scrambled data is generated. Detection of maximum
HW gives two levels of 4. After tracing back, they correspond to data vectors (011) and
(100) whose inversion do not correspond to the right scrambling vector.
Considering all possible values of the bit subset S5, after evaluating all possible values in
data subset D3 the number of maximum hamming weights are 2 maximums for 6 S5 s and
4 maximums in 2 S5 s, see Table 10.6. This gives 2.5 maximums found on average after
profiling D3. For an adversary, the fastest strategy is to estimate scrambling vector bits in
a subset base of 3 bits. Initially, he finds the maximums and estimations of each subset
and then he has to find the right combination by searching in the target set. The number
of possible estimations T in the target set made from the maximum hamming weights is
𝑇

2.5⌈

/ ⌉

(10.17)

for data words of n bits. Assuming data words of 8, 16, 32 and 64 bits, this would generate
target sets of 16, 244, 23 841 and 568 434 188 elements respectively. This creates an
extended difficulty for the adversary to find the right maximum and to do the correct
estimation of the scrambling vector.
Table 10.6. Hamming weights of scrambled data SD5 for all possible subsets of 3 bits in data
words and subsets of 5 bits in scrambling vectors. Average number of maximum hamming
weights per scrambling vector is 2.5.

10.4.2.3. Evaluating the ISTe Effectiveness
An ad hoc simulation environment is programmed in C++ which includes the control of
the data bus, the ISTe unit and the cache memory. A wrapper emulates the behavior of the
attack in the virtual environment and virtual instruments monitor the performance of the
countermeasure. The wrapper also gives full control over the generation of scrambling
vectors and observation of scrambled data. This environment runs on a Supermicro
workstation with four AMD Opteron 6274 CPUs and 256 GB of RAM under CentOS
Linux operating system.
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During simulated attacks the leakage metric L is evaluated [60]. It calculates the
information that leaks through the hamming weight. The leakage function L(s) which is
based on information entropy [41], evaluates how much close are the estimated
scrambling bits 𝑠 ∗ from the real ones 𝑠 . This function is bounded in the interval
0 ≤ L(s) ≤ 1 in which 0 means an always wrong estimation while 1 corresponds to an
always right estimation. The derivation of this function can be found in [60].
To emulate SPA attack, one scrambling vector is set up and then the attack is carried out
by generating data vectors and capturing the hamming weight. The data vectors producing
the maximum hamming weight are selected to create the target set and to estimate the
correct scrambling vector and the L metric. This attack is simulated for 1000 different
scrambling vectors selected randomly following the rules of the IST technique. Fig. 10.26
shows L for a 33 and 63 bits respectively for the following cases:
 IST – this is the bare scrambling technique. In order to see the impact of the SPA
countermeasure, it has been assumed that during the attach IST does not refresh the
scrambling vector and thus it behaves like a regular scrambling technique.
 ISTe – it is the regular scrambling technique with the SPA countermeasure.
 ISTe* – in order to see the effectiveness of Eqs. (10.16) calculating bits sc and ss, here
bit sc is generated randomly too.

Fig. 10.26. Evaluation of the effectiveness of ISTe against Simple Power or Electromagnetic
Radiation Analysis (SPA).

 ISTe** – following the same purpose like in previous case, here both bits sc and ss are
generated randomly.
From the figure it can be seen that in IST, the SPA attack is able to estimate all
1000 scrambling vectors correctly. With the countermeasure active (ISTe) the leakage
metric reduces to 0.105 and 0.052 for 33 and 63 bits respectively, and none of the
1000 vectors has been estimated correctly. It is significant to highlight the validity of
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Eqs. (10.16) because when one or the two calculated bits are generated randomly, the
leakage metric increases. In particular, for the ISTe** with 63 bits the level rises to
0.3 and 2 estimations of the scrambling vector out of 1000 are found correct.
As was explained in Section 10.3.2.3, DPA is a more powerful attack in the sense that
exploits the smalls differences existing in the average hamming weight as a function of
data bits. In the case of the ISTe countermeasure, it is not totally effective against DPA
attacks because every data vector bit imposes differences in the average hamming weight
obtained after scrambling data. This can be notice looking at Table 10.7 in which
Table 10.6 has been extended with average values. At the left data bits (subset of three
bits) is highlighted in binary. If we focus on the MSB d2, we see that the half upper part
of the table corresponds to d2 = 0 and the lower part to d2 = 1. At the bottom of each half
the average hamming weight is calculated and colored in green and yellow the higher and
lower numbers respectively. It is seen, that for any combination of S5 these two averages
are different, sometimes the one at the higher or at the lower half is the biggest number of
the two. Similar differences would be found if we would sort the table for any other bit of
the data word.
Table 10.7. Average hamming weights of scrambled data as a function of bit d2 of data word.

This is more evident if we perform DPA attacks, as described in Section 10.3.2.2, using
the emulating tool newly developed. For comparison the two techniques, IST and ISTe,
are included. Only the 63 bit architecture is used. The attacking data set is generated
randomly and the lengths are modified between 20 to 1000 vectors. For each length the
attack is emulated and the leakage L is evaluated. Results are presented in Fig. 10.27. It is
seen that ISTe leaks less than IST but on the other hand, as the length of the attacking set
metric L increases in both techniques, as is marked by the dotted arrow. For 1000 vectors,
ISTe L equals to 0.81 and, at this level, 131 scrambling vectors over 1000 are correctly
estimated. The trend clearly shows that L = 1 is possible by extending the attacking data
set.
In the next section, a countermeasure to thwart DPA attacks is presented.
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Fig. 10.27. Evaluation of the effectiveness of ISTe against Differential Power
or Electromagnetic Radiation Analysis (DPA).

10.4.3. Random Masking IST to Defeat DPA Attacks
Random masking is a countermeasure that is independent of ISTe and that it can be
combined with to reduce even more the side-channel leakage. For now, we will refer to
this random masking as ISTm. However, it is also independent of IST and thus it could
be applied to any regular scrambling technique or combined with the Interleaved
Scrambling Technique to increase even more the security against cold-boot attacks. As
before, the principle of this technique is presented, without loss of generality, for a regular
scrambling technique.
The principle of the ISTm technique can be explained looking at Table 10.8. Taking as an
example vectors of 3 bits, D and S, the hamming weight matrix of the scrambled vectors
is generated. If, like in the previous Table 10.7, the average hamming weights depending
on bit d2 are calculated, different values are obtained. The upper and lower parts of the
table are separated and averages are printed at the bottom of each part. We see that, e.g.
when the scrambling vector is S = 000 the average hamming weight for d2 = 0 is 1.0 while
for d2 = 1 the average is 2.0. Notice that these values are different than those in Table 10.7
since these corresponds to a bare scrambling technique, without any other countermeasure
in action.
Following the previous example, if we look at the averages for the S = 111 we will notice
that averages are flipped, i.e. for d2 = 0 it is 2.0 while for d2 = 1 it is 1.0. There is a vertical
symmetry in the hamming weight matrix that, in particular, average hamming weight
differences are opposed when the scrambling vectors are inverted, as indicated in the
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upper most part of the table with the NOT labels. This observation is valid not only for
3 bits but any number of bits given the linearity of the scrambling technique.
Table 10.8. Hamming weight matrix of the scrambled data (SD) in a regular
scrambling technique.

Random masking inverts the scrambling vector, selecting the original or the inverted one,
according to a random bit. This can be seen in the block diagram of the methodology, see
Fig. 10.28.

Fig. 10.28. Random masking technique ISTm to prevent DPA attacks.
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A random bit generator is included producing bit r. At each new writing, the
corresponding scrambling vector (S) is selected for scrambling data vector. If bit r = 1 the
scrambling vector S is inverted and used thereafter for scrambling data, otherwise the
original S is used. After, the scrambled data is stored in cache together with bit r to allow
reverting the inversion during the reading operation. Therefore, the new scrambled data
vector is SDr = (SD, r).
Example. To illustrate how it works, let us recall the example of Fig. 10.15 considering
the new countermeasure. The new scenario is shown in Fig. 10.29. Suppose that the
adversary test the scrambling technique with the profiling data vector set Dp(d2 = 0). One
after the other, data vectors are scrambled and scrambled data is sent through the bus
generating power and radiation activity closely related to the hamming weight.
Unlike in the bare scrambling technique, now at each time scrambling vector may be
inverted according to the random bit r. In the example, S is not inverted in the first write
cycle and it is inverted in the next three. This gives an average hamming weight of 1.25.
During the next profiling with set Dp(d2 = 1), at the first and fourth writes S is inverted
while in the second and third it is not, which generates a different average hamming weight
of 1.5. Once again, the adversary applies Eq. (10.7) to do the prediction and he gets
𝑠∗
0 which is wrong because the random inversions have changed the contribution of
bits in the average hamming weight.

Fig. 10.29. Example of an erroneous prediction caused by the ISTm countermeasure.
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An interesting feature of this random masking scheme is that for long profiling data sets,
which are powerful tools for the adversary, the random masking tends to improve the
masking since the random profile generates more tight hamming weight averages.
Therefore, on average, the leakage is reduced as the number of profiling vectors increases.
10.4.3.1. Reading and Writing Cycles
Since masking bit r must be stored in the cache memory, the scrambling controllers in
ISTm must be slightly modified. Below, the pseudo-codes of the new controller are given.
Algorithm 3 shows the pseudo-code of the writing cycle. In line 7, random masking bit r
is setup from the random function. In lines from 9 to 13, the scrambling vector is inverted
depending on the state of r. Then, in line 13, this bit is also copied to the cache memory.
During the reading cycle, shown in Algorithm 4, in line 10 bit r is read from cache memory
and in lines from 14 to 18, the descrambling operation is made with the direct or inverted
scrambling vector depending on its state.
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10.4.3.2. Evaluating the ISTm Effectiveness
To evaluate the effectiveness of the ISTm countermeasure we have repeated the same
attacks that were used in Section 10.4.2.3. In particular, the DPA attack presented in
Fig. 10.15. Again, the lengths of the attacking set varies from 20 to 1000 vectors. The total
number of attacks performed is 1000, each for a different scrambling vector in a
architecture of 63 bits. Four different cases are investigated:
 IST – this is the same architecture that is copied as a reference. It corresponds to the
bare scrambling technique. In order to see the impact of the DPA countermeasure, it
has been assumed that during the attack IST does not refresh the scrambling vector and
thus it behaves like a regular scrambling technique.
 ISTm is the regular scrambling technique with the DPA countermeasure.
 ISTme is the regular scrambling technique with the combined countermeasures ISTm
and ISTe. Combining these two techniques it can be assessed their orthogonality.
In Fig. 10.30 the information leakage metric L is presented for each countermeasure and
all attacks. Y-axis (L) is represented in log scale to highlight the differences between ISTm
and ISTme. With respect to ISTm it can be observed that the leakage is reduced
significantly. For the lightest attack (20 profiling vectors) the reduction of the leakage is
from 0.14 to 0.025, a 82.1 %. For the strongest attack (1000 profiling vectors) the
reduction is of 97.4 %. A second benefit observed is that the leakage doesn’t increase with
the number of profiling vectors. Differently to what happened for the ISTe
countermeasure, the variation of the number of profiling vectors does not provide
information to the adversary with respect attack strategy to follow.
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Fig. 10.30. Evaluation of the effectiveness of ISTm and the combined ISTme against Differential
Power or Electromagnetic Radiation Analysis (DPA). Notice that y-axis is in log scale.

When the two countermeasures are combined, ISTme, an additional reduction of the
leakage is achieved. It represents a leakage level of 0.017 which is gives a relative
reduction with respect to IST between 87.9 % and 98.4 %.

10.5. Conclusions
In this chapter a discussion has been presented about the reading of sensitive data from
cache memories and the efficient countermeasures that can be considered to improve the
security.
The interest about reading the sensitive data from memory started a decade ago when
desktop computers began to protect data remaining in disks using encryption techniques.
Running these encryption/decryption algorithms in background required the storage of
keys in plaintext format in memory. This rose the attention of adversaries who searched
ways to localize these keys and generate copies of them.
Doing an analysis of the memory from a background process was not easy since the
operating system could use blocking strategies to hide the memory addresses of the keys
or even to forbid the access to them. However, a much easier alternative was envisioned;
making a full dump of the memory in a backup storage and post-processing data to localize
the keys. This strategy was named cold-boot attack. Memory chips were physically
removed from the board and eventually connected to a backup system which made the
dump. Memory remanence was exploited to retain most of the bit information, boosted by
decreasing the temperature of the chips. Unfortunately, this data theft not only
compromised the keys but also other sensitive information which could be managed in
memory, and obviously after key discovery it compromised the information stored in
discs.
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The need to have the keys in plaintext for the encryption/decryption programs forced the
displacement of them to more inner memory levels (cache memory) that could not be
physically removed. However, other strategies were envisioned to make the theft possible.
After the cold-boot, the system was boot on an ad-hock program which made the dump
of the memory. Again, remanence at low temperature was the central point.
Thinking of strategies to protect data memory stored in external or internal (cache)
memory is discussed in the beginning of this chapter. Several papers have dealt with these
issues at different levels, from hardware to operating systems. However, because of the
hardness of a cold-boot attack, hardware countermeasures are necessary, surely
accompanied with other tactics at software level. Following the discussion of state-of- theart papers the hardware countermeasures are focused.
Envisioning hardware countermeasures for cache memory is really difficult because
standard up-to-date ciphering techniques cannot be used. The necessary wide band of data
transmission and the need to keep power consumption at reasonable levels make them
inappropriate. On the other hand, obscuring techniques like scrambling, used in the past
in communications, are fast enough and could provide certain secrecy to the data stored
in fast cache memories but presents many weaknesses that can be exploited by
adversaries.
Scrambling technique is introduced and advantages and limitations are discussed at the
rest of the chapter. Later on, three improvements are presented that increase the degree of
security by reducing significantly the amount of information leaking from standard
scrambling. On the one hand, the time expand of the scrambling keys is limited, such that
after expiration they are renewed. This process is made smoothly, without interrupting the
data bus, neither invalidating data stored in cache memory. Expiration times are neither
regular, they depend on the bus activity and therefore they become highly unpredictable.
On the other hand, side-channel leakage that are easily found in linear techniques, like
scrambling, are reduced by applying confusion and randomization strategies. Finally,
analysis such as impact overheads of the countermeasures and leakage levels are assessed
and presented to demonstrate the possibilities of the proposals.
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11.1. Introduction
The demand on a higher memory bandwidth has been consistently increasing with the
development of graphics intensive applications such as autonomous driving, virtual or
augmented reality and cloud services for ultra-high definition contents [1]. In meeting the
demand, the memory data bus could be widened and the data rate per I/O pin could be
increased [2]. However, increasing the data bus width is not power and cost efficient as
there will be more signal traces that occupy a larger board area and contribute more
parasitic capacitances. Moreover, today high-performance systems have already reached
the limits of their I/O density and thermal heat dissipation [1]. As a result, inserting
additional I/O pins to the devices is no longer a feasible solution to memory bandwidth.
In order to overcome the limit of I/O density, there has been a drive toward 3D integration
of memory modules such as Hybrid Memory Cube and High Bandwidth Memory [3].
However, until the through-silicon via technology is matured for 3D integration [4],
higher bandwidth has to be enabled by increasing data rate per pin for better cost and
energy efficiencies. This implies that, high-speed double data rate fourth-generation
(DDR4) interface is expected to meet the needs of server, client, graphics and mobile
platforms in the near term [5].
The development of DDR transmitter in this work will be conducted using the 20 nm
process node where the minimal channel length of thin oxide transistors is 20 nm.
However, the transmitter is unable to directly benefit from the shrinking of process node
as the supply voltage of DDR interface is higher than the operating voltage of thin oxide
transistors in this deep sub-micron process node [6]. With the I/O supply voltages rated at
1.2 V for DDR4, thick-oxide transistors are required in the traditional driver design that
leads to a decrease in performance and an increase in power and area costs. In order to
regain the advantages from the shrinking of process node, circuit technique is employed
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to enable the transmitter to be built using only thin oxide transistors. With this, producing
a transmitter with high data rate, low power and low area costs is now possible.
11.1.1. Transmitter Structure
The transmitter in this work is consisted of three major modules – an arithmetic logic unit
(ALU), a pre-driver and a driver – as illustrated in Fig. 11.1. These modules were
constructed using implementation strategies that are most appropriate by taking into
account of their nature and requirement. Hence, the driver and pre-driver were designed
at transistor level using full custom approach where performance is critical at every stage
of the high-speed data paths. On the other hand, the ALU that handles all the static control
signals was implemented using cell-based approach to reduce design time. Regardless of
their implementation strategy, all these modules were implemented on the 20 nm
process node.

Fig. 11.1. Block diagram of transmitter.

11.1.2. Operating Conditions
The I/O interface standard for DDR4 application is supported by the transmitter of this
work. These I/O standards are the JEDEC standards with their specification defined in the
following documents – JESD209-4A (DDR4) [7]. Using the specifications in the
JEDEC’s documents as its foundation, Table 11.1 was constructed to set the operating
conditions of the transmitter.
As a part of these operating conditions, the transmitter is required to handle an I/O supply
voltage of 1.2 V for DDR4. Furthermore, it must be compliant to the operating
temperature for automotive grade that ranges from -40 °C to 125 °C. The transmitter is
also targeted to achieve the highest speed grade for DDR4. At the same time, the output
driver of the transmitter must support programmable impedance that ranges from 34 Ω to
60 Ω is required. Ultimately, Table 11.1 will serve as the constraints during the design
process of driver, ALU and pre-driver.
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In the context of channel termination requirement, the DDR4 I/O standard is belonged to
the Pseudo Open Drain (POD) I/O standard family. In the POD standard, the channel is
terminated to VDD voltage level. As a result, the output logic high in the POD topology
is at VDD voltage level and consumes no power. However, a more stringent requirement
on the linearity of output driver was imposed due to the asymmetrical output swing in the
POD topology, where the voltage across the pull-down driver is higher than the pull-up
driver in the POD standard. Consequently, the pull-down driver is exposed to higher
non-linearity effect than the pull-up driver. In order to minimize this mismatch, the driver
for supporting the POD standards is required to have high linearity.
Table 11.1. Operating conditions for the transmitter.
Symbol

Parameter

VDD

I/O Supply Voltage

VCC

Core Supply Voltage

VSS

Common Ground

TOPER

Operating Temperature

FMAX

Maximum Operating Frequency

RS

Driver Impedance for Pull-Up
and Pull-Down

CIO

Pin Capacitance

IL
RZQ

Pin Leakage
External Reference Resistor
for ODT Calibration

MIN
TYP
MAX
MIN
TYP
MAX
MIN
TYP
MAX
MIN
TYP
MAX
MIN
TYP
MAX
MIN
TYP
MAX
MIN
TYP
MAX
MIN
TYP
MAX
MIN
TYP
MAX

DDR4
1.14
1.20
1.26
0.87
0.9
0.93
–
0
–
-40
25
125
2.7
–
3.2
34
–
60
–
–
1.3
–
–
20
–
240
–

Unit
V
V
V
°C
GHz

Ω

pF
µA
Ω

11.2. Driver Structure for High Transmit Rate in DDR4 Standard
The structure of the driver for DDR4 transmitter comprises of driver, equalizer and driver
slice. Each component will be discussed in depth which will also include its performance
analysis in order to obtain the best possible specifications for DDR4 transmitter.
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11.2.1. Driver Architecture
The driver is the most important block of a transmitter, especially for this work that utilizes
novel hybrid driver architecture. In this architecture, the driver is partitioned and
controlled by a pair of 18-bit codes – one code, named as drvp_code[17:0], for the
pull-up driver and another code, named as drvn_code[17:0], for the pull-down driver.
These codes, generalized as drv_code[17:0], are a combination of binary-weighted code
at bits [3:0] and linear-weighted code at bits [17:3] as shown in Fig. 11.2. The entire driver
is comprised of 31 units of full-sized driver slices and one unit each of half-sized and
quarter-sized driver slices. This built-up is equivalent to a 7-bit binary-weighted driver
and this implies that the 18-bit drv_code is decoded from a 7-bit binary code. The details
on the decoding part will be discussed further in Section 11.3.3.

Fig. 11.2. Segments within the driver and structure of a full-size driver slice.

The driver was designed to have the resolution of a 7-bit binary-weighted DAC in order
to have less than 10 % tolerance in calibrated driver impedance that was specified in the
JEDEC’s DDR4 standard while providing sufficient drive strength to meet the minimum
driver impedance of 34 Ω. Based on Eq. (11.1), the impedance of LSB slice must be
366

Chapter 11. A Cost and Power Efficient DDR4 Transmitter with 3-tap Equalizer

greater than 1200 Ω at the fast PVT corner under the conditions that the impedance of
RZQ is 240 Ω and the limit of resolution error is 10 %. Then, the impedance of a
full-sized driver must be greater than 557 Ω assuming that the variation from both fast
and slow PVT corners to typical PVT corner is 30 %. Using Eq. (11.2) at least 7-bit
binary-weighted driver slices, 31.75 units of full-sized slices, are required to obtain less
than 34 Ω in driver impedance. Concisely, the driver design with 7-bit resolution is
optimum for the required design specifications and any further increase in resolution will
result in an unnecessary increase in the pre-driver and routing resources.
100,

𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟, %

(11.1)
(11.2)

𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑑𝑟𝑖𝑣𝑒𝑟 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒, Ω

With the total number of driver slices defined, each full-sized slice was designed to be
close to 800 Ω at typical corner as listed in Table 11.2. As a result, the driver in this work
has resolution error of 4.75 % and minimum driver impedance of 31.75 Ω from the
calculations in Eqs. (11.3) and (11.4). In regard to the resolution error, the 5.25 %
tolerance margin is reserved for other sources of error such as the variation of package
impedance across different I/O pins. In regard to the driver impedance, the 6.6 % margin
is reserved for end-of-life (EOL) degradation.
Table 11.2. Impedance of driver slices at different PVT corners.
Parameter
Impedance of LSB Slice,
Ω (% from Typical)
Impedance of Full-Sized
Slice, Ω (% from Typical)

Typical

Fast

Slow

3168 (+0.0 %)

2524 (-20.3 %)

4032 (+27.3 %)

792 (+0.0 %)

631 (-20.3 %)

1008 (+27.3 %)

𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟, %
𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑑𝑟𝑖𝑣𝑒𝑟 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒, Ω

100
.

.

4.75,
31.75

(11.3)
(11.4)

In addition, by having the same interface of a 7-bit binary-weight DAC, the driver
architecture in this work has the advantage of fast and simple ODT calibration. Its
impedance can be calibrated in just seven clock cycles using the successive approximation
ADC calibration scheme.
11.2.2. Equalizer Architecture
Furthermore, the hybrid driver architecture was chosen in this work with the aim to reduce
the resources on pre-driver and routing in the linear-weighted driver architecture while
enabling a shared equalizer driver. As the fundamental requirement of shared equalizer
driver, all active driver slices have to be clustered into a group of sequential stack. A
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clustered group is essential for limiting the equalizer logic to a portion of pre-driver
whereas a sequential stack is essential for selective manipulation on these slices in
equalization as the header of active driver slices has a fixed location. This prerequisite for
shared equalizer driver is an intrinsic characteristic of linear-weighted driver but is not a
characteristic of binary-weighted driver. As depicted in Fig. 11.3, there will be driver
slices that are enabled solely for equalization in the binary-weighted driver, violating the
principle of shared equalizer driver.

Fig. 11.3. Location of active driver slices for a case where nine units for driver impedance
and three units for equalization in (a) binary-weighted, (b) linear-weighted,
and (c) proposed work.

In order to acquire clustered stack of active slices among the full-sized driver slices, the
31 units of full-sized driver slices were segmented into one lone slice while the rest of
slices into groups of two units as shown in Fig. 11.2. In this configuration, the lone slice
is in binary code and the groups of two slices are in thermometer code. Consequently, the
requirement of shared equalizer driver is fulfilled by 30 out of 31 units of full-sized driver
slices as they form a linear-weighted driver. By having one bit thermometer code per two
slices, the width of code for controlling the full-sized driver slices was significantly
reduced from 31 bits of the conventional thermometer code to 16 bits of this work. At the
same time, the overall granularity is maintained to one full-sized driver slice by the lone
driver slice in binary code.
Out of 31 units of full-sized driver slices, the shared equalizer driver was designed to
utilize 14 slices to strive the balance between equalization level and the overhead from
equalizer logic in the pre-driver. As illustrated in Fig. 11.2, seven groups of two slices
have shared control between the 8-bit equalizer code, emp_code[7:0], and 7-bit driver
code, drv_code[9:3]. Furthermore, the first group of two slices was divided into two
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individual driver slices which are controlled by emp_code[0] and emp_code[1]
respectively. This division is crucial for achieving the granularity of one full-sized driver
slice for the equalizer driver. It is important to note that the lone driver slice in binary code
cannot be used as a part of the shared equalizer driver as the header of active slices starts
at drv_code[3], the LSB of the linear-weighted code, as represented in Fig. 11.3.
11.2.3. Driver Slice
Driver slice is the building block of the driver discussed in the parent section. As rendered
in Fig. 11.2, a driver slice was constructed from two serial PMOS, MP0 and MP1, two
serial NMOS, MN0 and MN1, and two serial resistors, R0 and R1, in between of MP1 and
MN1. The pull-up driver is consisted of MP0, MP1 and R0 whereas the pull-down driver
is consisted of MN0, MN1 and R1. Then, the connection to the I/O pad is tapped from the
node between the R0 and R1 resistors.
In the context of active components, all four transistors within the driver slice are thin
oxide transistors that have operating voltage at VCC level. Thus, these transistors must be
stacked in series to operate under VDD supply voltage without experiencing electrical
overstress (EOS). Within the stacked PMOS and NMOS transistors, the MP0 and MN0
are functional switches while the MP1 and MN1 are protective transistors to MP0 and
MN0 respectively. The gate of MP0 and MN0 is driven by the transmitting signal,
enabling the driver slice to function as an inverter.
On the other hand, the gate of MP1 and MN1 is biased to static voltage level as illustrated
in Fig. 11.4. For the gate of MP1, it is connected to vbiasp, a static voltage source at
(VDD-VCC). The node between MP0 and MP1 is held between VDD and
(VDD-VCC+VTh) as MP1 will be in off-state when the VGS of MP1 is less than VTh.
Likewise, for the gate of MN1, it is connected to vbiasn, a static voltage source at VCC.
The node between MN0 and MN1 is held between VSS and (VCC-VTh) as MN1 will be in
off-state when the VGS of MN1 is less than VTh. This setup will ensure that the potential
difference across all four terminals of MP0 of MN0 does not exceed VCC voltage level.
Moreover, the MP1 and MN1 were designed using transistors with low threshold voltage.
There are two advantages for this selection of device. First, the pin capacitance and area
due to protection transistors are reduced due to the gain in the drivable current for this
transistor type. As shown in Eq. (11.5), the drivable current of MP1 and MN1 at linear
region increases with the decrease of threshold voltage, VTh. Hence, a low resistance driver
can be achieved with a smaller transistor width since the resistance across transistor has
inverse relation to the drivable current. This saving on the transistor width will translate
to reduction in area and pin capacitance due to protection transistors.
Second, the performance of MP0 and MN0 is also positively affected by the reduction in
resistance across the protection transistors. As the voltage drop across MP1 and MN1
decreases with their resistance, the VDS of MP0 and MN1 increases. As a result, the
drivable current of MP0 and MN0 increases with the increase of VDS based on Eq. (11.5),
where W, L are the width and length of transistor, VGS, VDS are the gate-source and drain369
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source voltages and k’ is the process transconductance [28]. This boost in drivable current
will improve the transient response of MP0 and MN0 as switches and raise the output slew
rate of transmitter.

Fig. 11.4. Driver slice with voltage domain annotated at each node.

𝑑𝑟𝑖𝑣𝑎𝑏𝑙𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑟𝑒𝑔𝑖𝑜𝑛 =

𝑘

𝑉

𝑉

𝑉

(11.5)

However, the MP0 and MN0 were designed using transistors with standard threshold
voltage instead of transistors with low threshold voltage. This is driven by the requirement
of having low pin leakage. The transistor with low threshold voltage is not suitable
because of its extremely high off-state leakage current [8].
In the context of passive components, the R0 and R1 in the driver slices are used as
linearizing resistors. These resistors are made of high-resistivity polysilicon with low PVT
variation. R0 and R1 were designed to have a nominal resistance of 712 Ω, contributing
90 % of the total impedance of a driver slice at typical PVT corner. This resistance value
was selected to achieve 80 % linearity at the slow PVT corner, which was identified to be
the optimum driver linearity level against pin capacitance and pin leakage. The linearity
of driver is defined in Eq. (11.6) as the ratio of the drivable current of the driver slice to
the current of an ideal resistor with 100 % linearity. A high linearity is desirable because
it enhances the output slew rate by sourcing or sinking higher current at each transition
and minimizes channel reflection by yielding uniform driver impedance as depicted in
Fig. 11.5.
𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦, %
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Fig. 11.5. Current profile of output driver at different linearity levels.

However, high linearity exhibits negative impact on pin capacitance and pin leakage.
Based on the analysis comparing various linearity levels at the slow PVT against pin
capacitance and pin leakage tabulated in Table 11.3, the pin capacitance and pin leakage
increase with the linearity of driver. A substantial surge in pin capacitance is observed
when the linearity is scaled from 80 % to 90 %. It can be observed that 80 % linearity is
the point where the increase of pin capacitance changes from linear to quadratic. Similarly,
a rise in pin leakage until margining the specification of 20 μA is observed when the
linearity is scaled from 80 % to 90 %. As a result of this analysis, 80 % linearity was
determined to be the optimum point for the best signal integrity while remain compliant
to the specification on pin capacitance and pin leakage.
Table 11.3. Pin capacitance and pin leakage of output driver at different linearity level.
Linearity, %
Pin Capacitance, pF
Pin Leakage, µA

60
0.47
13.12

70
0.56
13.84

80
0.66
15.96

90
0.84
19.75

11.3. Arithmetic Logic Unit for 3-tap Equalizer
The arithmetic logic unit is the controller that governs the behavior of the transmitter. Data
signals from option registers and ODT calibration engine were read in, processed and then
sent out in the native format for the pre-driver. The aim of ALU is to eliminate all static
logic gates within pre-driver by issuing the controls on the high-speed data paths directly
from the ALU. This implementation is more efficient as it partitions the static logic gates
in cell-based design from the high-speed data paths in custom design.
As visualized in Fig. 11.6, the ALU is a collection of multiplexers, multipliers and
decoders. The multiplexers are used to select between pre-defined impedance code and
calibrated impedance code. The output of these multiplexers, generalized as
base_code[6:0], is further manipulated by multipliers and decoders. There are two
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variants of decoder in the ALU, which are the decoder for equalizer code, EDEC and the
decoder for driver code, DDEC. The definition of each port is detailed in Table 11.4.

Fig. 11.6. Block diagram of ALU.
Table 11.4. Port definition of ALU.
Port Name
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I/O

rdrvp_preset [6:0]

Input

rdrvn_preset [6:0]

Input

calp_code [6:0]

Input

caln_code [6:0]

Input

rpre_emp_factor [3:0]

Input

rpost_emp_factor [3:0]

Input

rodt_cal_en

Input

rdrvp_code [18:0]

Output

rdrvn_code [18:0]

Output

rpre_emp_code_p [7:0]

Output

rpre_emp_code_n [7:0]

Output

rpost_emp_code_p [7:0]

Output

rpost_emp_code_n [7:0]

Output

Description
Pre-set code for pull-up
impedance
Pre-set code for pull-down
impedance
Calibrated code for pull-up
impedance
Calibrated code for pull-down
impedance
Configurable equalization level
for pre-tap equalizer
Configurable equalization level
for post-tap equalizer
Enable control for calibrated
impedance
Hybrid code for pull-up
impedance
Hybrid code for pull-down
impedance
Pre-tap equalizer code
for pull-up
Pre-tap equalizer code
for pull-down
Post-tap equalizer code
for pull-up
Post-tap equalizer code
for pull-down

Source/Destination
Option Register
Option Register
Calibration Engine
Calibration Engine
Option Register
Option Register
Option Register
Pre-driver
Pre-driver
Pre-driver
Pre-driver
Pre-driver
Pre-driver
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11.3.1. Configurable Equalizer Setting
The equalization level of the transmitting signal is configurable through the
rpre_emp_factor[3:0]
and
rpost_emp_factor[3:0]
option
registers
where
rpre_emp_factor[3:0] is used for pre-tap equalization while rpost_emp_factor[3:0] is
used for post-tap equalization. There are 16 level of equalization provided by each of these
4-bit option registers. As demonstrated in Table 11.5, a setting of 4’b0000 will disable
equalization whereas a setting of 4’b1111 will give the highest equalization level.
Table 11.5. Equalizer setting with its corresponding equalization level.
rpre_emp_factor[3:0]/
rpost_emp_factor[3:0]
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Scaling factor to
base_code[6:0]
0/16
1/16
2/16
3/16
4/16
5/16
6/16
7/16
8/16
9/16
10/16
11/16
12/16
13/16
14/16
15/16

Equalization Level, dB
Min
Max
0.00
0.00
0.21
0.28
0.44
0.6
0.70
0.95
0.99
1.34
1.32
1.78
1.71
2.28
2.15
2.85
2.15
3.52
2.15
4.31
2.15
5.26
2.15
6.44
2.15
7.96
2.15
10.01
2.15
13.06
2.15
18.59

The setting of equalization level is a ratio-based approach utilizing the calibration code
for driver impedance to yield consistent equalization level across all PVT corners. In this
approach, the number of driver slices to be used in the pre-tap and post-tap equalizations
is separately evaluated using Eqs. (11.7) and (11.8). In logical term for this operation, the
driver impedance code is multiplied with the option bits and then the product is shifted
right by four bits to obtain the number of driver slices enabled for equalization. Then, the
actual equalization level in decibel can be computed using Eqs. (11.9) and (11.10) where
D denotes the number of driver slices enabled for driver impedance, Rs is the driver
impedance and Rt is the receiver termination impedance.
𝑑𝑟𝑖𝑣𝑒𝑟 𝑠𝑙𝑖𝑐𝑒𝑠 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑝𝑟𝑒
𝑑𝑟𝑖𝑣𝑒𝑟 𝑠𝑙𝑖𝑐𝑒𝑠 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑝𝑜𝑠𝑡

𝑡𝑎𝑝 𝐸𝑄, 𝐸
𝑡𝑎𝑝 𝐸𝑄, 𝐸

_

_

_

_

_

,
_

(11.7)
, (11.8)
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𝐸𝑄 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑝𝑟𝑒

𝑡𝑎𝑝, 𝑑𝐵

,

20𝑙𝑜𝑔

,

(11.9)

,

𝐸𝑄 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑝𝑜𝑠𝑡

𝑡𝑎𝑝, 𝑑𝐵

,

20𝑙𝑜𝑔

(11.10)

Regarding the dynamic range of equalizer, the maximum equalization level is 18.59 dB
at the best case where the driver impedance code is 15 units of full-sized slices, and both
Rs and Rt are 60 Ω. However, a fixed equalization level is not guaranteed when setting
the rpre_emp_factor [3:0] and rpost_emp_factor [3:0] option registers to 4’b1000 and
beyond. This is due to the fact that only 14 out of 31 units of full-sized driver slices are
shared to the equalizer driver as previously discussed. As a result, the maximum
equalization level is 2.15 dB at the worst case where the driver impedance code is
31.75 units of full-sized slices, Rs is 34 Ω and Rt is 60 Ω.
In order to prevent overflow on the equalizer code, these option bits will be automatically
overwritten with a maximum factor if they are greater than it. When the maximum factor
is applied, all driver slices available for the shared equalizer driver, 14 units in total, will
be engaged. This maximum factor is calculated based on the codes for driver impedance
using Eq. (11.11).
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑎𝑐𝑡𝑜𝑟

_

,

_

16

(11.11)

Besides that, the self-amendment on the rpre_emp_factor [3:0] and rpost_emp_factor
[3:0] option bits is capable of ensuring the equalization level is symmetrical for both
pull-up and pull-down drivers. Unlike the conventional overflow prevention that keeps
the maximum equalizer code to 14 units, the implementation of the maximum factor is on
the equalizer codes for both pull-up and pull-down even if only one of the resultant
equalizer codes is greater than 14 units using the original factor.
11.3.2. Decoder for Equalizer Code (EDEC)
The decoder for equalizer code, EDEC, is used to convert 4-bit binary product from the
multipliers into 8-bit hybrid code. Within the hybrid code, bits [1:0] have a weight of one
and bits [7:2] have a weight of two. As enumerated in Table 11.6, the LSB of the hybrid
code is high when the binary input is a non-zero even number. On the other hand, bits
[7:1] of the hybrid code have the characteristic of thermometer code that switches on
bit-by-bit according to the weight of each bit.
11.3.3. Decoder for Driver Code (DDEC)
The decoder for driver code, DDEC, is used to convert 7-bit binary driver impedance from
the multiplexers into 18-bit hybrid code. As delineated in Section 11.2.1, within the hybrid
code, bits [2:0] are binary-weighted code and bits [17:3] are linear-weighted code. For the
output bits [2:0], no conversion is performed as both input and output are binary codes.
For the output bits [17:3], a conventional conversion from binary to thermometer is used.
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The mapping of a 7-bit binary code to an 18-bit hybrid code by the DDEC is tabulated in
Tables 11.7 and 11.8.
Table 11.6. Conversion table of EDEC.
Input [3:0] (Binary)
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Output [7:0] (Hybrid)
0000_0000
0000_0010
0000_0011
0000_0110
0000_0111
0000_1110
0000_1111
0001_1110
0001_1111
0011_1110
0011_1111
0111_1110
0111_1111
1111_1110
1111_1111
Invalid

Table 11.7. Conversion table of DDEC for the input bits [2:0].
Input [2:0] (Binary)
000
001
010
011
100
101
110
111

Output [2:0] (Binary)
000
001
010
011
100
101
110
111

11.4. Pre-driver Structure in DDR4 Standard
Pre-driver is the intermediate buffering stage for core logic gates that have small fan-out
to drive the output driver that have large fan-in. It has multiple stages of buffers that were
sized up progressively in order to control the transition along the high-speed data paths to
be around 10 ps, 10 % of one unit-interval (UI) at 10 Gb/s, at typical PVT corner. A fast
transition is critical for minimizing power supply induced jitter (PSIJ) and duty cycle
distortion (DCD) due to PVT variation. Besides buffering, voltage level shifting is also
performed at the pre-driver. As shown in Fig. 11.7, the core signals from data registers
and ALU in VCC//VSS power/ground domain are shifted up to the VDD//(VDD-VCC)
power ground domain in the pull-up pre-driver. Unlike the pull-up pre-driver, no voltage
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level shifting is required at the pull-down pre-driver as the input to the pull-down driver,
ngateb, is in VCC//VSS power/ground domain. Despite of that, the same level shifter is
inserted as dummy delay cell to match the propagation delay of pull-up and pull-down
pre-drivers.
Table 11.8. Conversion table of DDEC for the input bits [6:3].
Input [6:3] (Binary)
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Output [17:3] (Thermometer)
000_0000_0000_0000
000_0000_0000_0001
000_0000_0000_0011
000_0000_0000_0111
000_0000_0000_1111
000_0000_0001_1111
000_0000_0011_1111
000_0000_0111_1111
000_0000_1111_1111
000_0001_1111_1111
000_0011_1111_1111
000_0111_1111_1111
000_1111_1111_1111
001_1111_1111_1111
011_1111_1111_1111
111_1111_1111_1111

Fig. 11.7. Block diagram of pre-driver with voltage domain.
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11.4.1. Pre-driver Cell
There are two variants of pre-driver cell for both pull-up and pull-down pre-drivers. First
variant is the normal pre-driver cell that grants a simple enable control and signal
buffering as represented in Fig. 11.8. When enabled by asserting rdrv_code, the output of
these pre-driver cells is the invert of its input data signal to compensate the inverting
nature of the output driver. When disabled, the output of the pull-up pre-driver cell is high
to disable the PMOS of the output driver whereas the output of the pull-down pre-driver
cell is low to disable the NMOS of the output driver. The logical behavior of the normal
pre-driver cells is captured in Table 11.9.

Fig. 11.8. Normal pre-driver cells: (a) pull-up, (b) pull-down.
Table 11.9. Truth table of normal pull-up and pull-down pre-driver cells.
din
x
0
1

rdrv_code
0
1
1

pgateb
1
1
0

ngateb
0
1
0

The second variant of pre-driver cells is the dual-function pre-driver cell that can operate
in either normal pre-driver mode or equalizer mode. In the normal pre-driver mode, its
functionality is identical to the functionality of the normal pre-driver cells. In the equalizer
mode, the output of the pre-driver is pulses of 1 UI width, low pulses for pull-up
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pre-driver and high pulses for pull-down pre-driver. Furthermore, there are three
sub-modes in the equalizer mode that are controlled by rpre_emp_code and
rpost_emp_code from the ALU. As documented in Table 11.10, these sub-modes provide
selection on the equalizer tap configurations among 2-tap equalization using pre-cursor or
post-cursor and 3-tap equalization using pre-cursor and post-cursor.
Table 11.10. Mode configuration of dual-purpose pre-driver cell.
Rpre_emp_code
0
0
1
1

Rpost_emp_code
0
1
0
1

Pre-driver Mode
Normal pre-driver without equalization
2-tap equalization using post-cursor
2-tap equalization using pre-cursor
3-tap equalization using pre-cursor and post-cursor

The dual-function pre-driver cells for pull-up and pull-down paths are shown in Fig. 11.9.
In comparison to the normal pre-driver cell, the buffer was replaced with an OR gate for
pull-up pre-driver and with an AND gate for pull-down pre-driver. With this design, a low
pulse will be generated at pgateb when both dinb and din_emp are low and a high pulse
will be generated at ngateb when both dinb and din_emp are high.

Fig. 11.9. Dual-function pre-driver cell for (a) pull-up pre-driver, and (b) pull-down pre-driver.
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In Fig. 11.10, the dual-function pre-driver was configured to the 2-tap equalization mode
using pre-cursor. A low pulse is generated at pgateb before the low-to-high transition of
dinb, leading to an increase in the level of logic high at pad before it transitions to low.
Similarly, a high pulse is generated at ngateb before the high-to-low transition of dinb,
leading to a decrease in the level of logic low at pad before it transitions to high. The width
of these pulses is defined by the duration between the transition of din_pre and transition
of dinb, which is 1 UI apart in this scenario.

Fig. 11.10. Signal at pad and the outputs of dual-function pre-driver cells in 2-tap equalization
mode using pre-cursor.

In Fig. 11.11, the dual-function pre-driver was configured to the 2-tap equalization mode
using post-cursor. A low pulse is generated at pgateb at the low-to-high transition of dinb,
leading to an extended low swing at pad when it transitions to low. Similarly, a high pulse
is generated at ngateb at the high-to-low transition of dinb, leading to an extended high
swing at pad before it transitions to high. In Fig. 11.12, the dual-function pre-driver was
configured to the 3-tap equalization mode using pre-cursor and post-cursor. The pulses
generated at pgateb and ngateb are the superposition of those in the two aforementioned
2- tap equalization modes. As a result, signal peaking can be observed at pad before and
at the transitions.
It is important to note that the maximum and minimum level of the pad signal does not
change as compared to those without equalization since the dual-function pre-driver cell
is replacing normal symbol with pulse. In fact, the signal opening at static has been
reduced to achieve a non-constant impedance de-emphasis.
Finally, only eight units were used to cover the 8-bit equalizer code for both pull-up and
pull-down pre-drivers since the dual-function pre-driver cell has more logic gates than the
normal pre-driver cell. The remaining pre-driver cells are 11 units of the normal pre-driver
cell that are controlled by 11-bit driver impedance code that is not shared with the
equalizer. This approach is able to converse the power and area of pre-driver.
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Fig. 11.11. Signal at pad and the outputs of dual-function pre-driver cells
in 2-tap equalization mode using post-cursor.

Fig. 11.12. Signal at pad and the outputs of dual-function pre-driver cells
in 3-tap equalization mode using pre-cursor and post-cursor.

11.4.2. Path-matching Delay Cell
Delay skew between pre-driver cells and between high-speed data paths can deteriorate
the quality of the transmitting signal. When the outputs of pre-driver are skewed, a
staggered switching of driver slices will occur, causing a reduction of output slew rate and
an increase in crowbar current of the output driver. From Figs. 11.13 and 11.14, the path
engaged in the 3-tap equalization mode is identified to have the largest logic stages, hence
the largest propagation delay. In order to match din path to the longest path, path-matching
delay cell B that contains a dummy multiplexer and an inverter was inserted onto din path
for both pull-up and pull-down pre-drivers. Path-matching delay cell A in pull-up
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pre-driver that contains an AND gate was inserted onto din_pre and din_post paths to
match them against the longest path. Likewise, path-matching delay cell A in the
pull-down pre-driver that contains an OR gate was inserted onto din_pre and din_post
paths to match them against the longest path. After the insertion of these path-matching
dell cells, the delay skew is within 2 ps, 2 % of one UI at 10 Gb/s, across all PVT corners.

Fig. 11.13. Pull-up pre-driver with path-matching delay cells.

Fig. 11.14. Pull-down pre-driver with path-matching delay cells.

11.5. Power and Cost-effective Performance of DDR4 Transmitter Using
3-tap Equalizer
Various performance parameters of the transmitter will be examined to ensure the
compliance to the specifications of DDR4 standard. For this purpose, the assumption and
setup used in HSPICE simulation will be detailed first. Then, the results obtained from
the HSPICE simulations on duty cycle distortion and output slew rate will be presented
and discussed. Finally, the power and area of the transmitter will be quantified and
discussed for each module whilst energy efficiency for this proposed work will compared
against other related works.
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11.5.1. Simulation Conditions
The simulation conditions for characterizing the transmitter were tailored in Table 11.1
towards the pessimistic end in order to cover the worst-case condition. A total of 80 PVT
corners that are the permutations of five process corners, four combinations of voltage
variations from both VDD and VCC, and four temperatures were simulated for each I/O
standards. Besides that, the minimum voltage of VDD and VCC for the HSPICE
simulation is lower than the minimum voltage of VDD and VCC defined in Table 11.11
on the operating conditions in order to account for the voltage drop across on-die power
network and chip package.
Table 11.11. Simulation conditions used in the characterization of the transmitter.
Symbol
Psi

Parameter
Silicon Process Corner

VDD

I/O Supply Voltage

VCC

Core Supply Voltage

TOPER

Operating Temperature

FMAX
RSP
RSN
RT
Cload
Ltrace
rpre_emp_factor
rpost_emp_factor

MIN
MAX
MIN
MAX

SLOW
Maximum Operating
Frequency
FAST
Pull-Up Driver Impedance
Pull-Down Driver Impedance
Receiver Termination
Impedance
Receiver Load Capacitance
PCB Trace Length
Equalization Setting
for Pre-Cursor
Equalization Setting
for Post-Cursor

DDR4
TT 0 σ, FF 2.5 σ, SS 2.5
σ, FS 1.5 σ, SF 1.5 σ
1.104
1.26
0.85
0.93
-40, 0, 85, 125
2.7
3.2
40
40

Unit

60

Ω

1.3
5

pF
µA

4’b0000

–

4’b0000

–

–
V
V
°C
GHz
Ω
Ω

In addition to the comprehensive PVT corners, the HSPICE simulations were performed
using realistic external loading and receiver termination. The POD topology shown in
Fig. 11.15 was used in DDR4 operation modes but with different Rs, Ltrace and Cload as
recommended in the JEDEC’s documents. Moreover, since the HSPICE simulations were
performed using pre-layout netlist, a 20 fF of capacitive load referenced to ground was
added to each of the pgateb and ngateb nodes between pre-driver and driver in Fig. 11.9
to account for interconnect parasitic. This parasitic annotation onto the pre-layout netlist
will ensure the simulation results presented are closely reflecting the characteristic of the
proposed transmitter in post-layout or in silicon.
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Fig. 11.15. Pull-down pre-driver with path-matching delay cells.

The transmitter will employ a process binning strategy to partition the process corners into
two speed bins – fast bin and slow bin. As shown in Fig. 11.16, the process corners of SS
2.5 σ, FS 1.5 σ and SF 1.5 σ were classified as the slow bin while the process corners of
TT 0 σ and FF 2.5 σ were classified as the fast bin. This binning strategy is capable of
bring out the maximum operating frequency of the transmitter at the fast bins while
maintaining the overall yield through the collective of fast and slow bins.

Fig. 11.16. Process binning into two speed bins – fast bin and slow bin.

11.5.2. Duty Cycle Distortion (DCD)
Duty cycle distortion is an undesired circuit behavior where the duty cycle of output signal
is not equal to the duty cycle of input signal. It is a measurement that indicates the effective
mismatch between the pull-up and pull-down data paths across all logic stages within the
transmitter. A low DCD of ±2 % is a requirement for the transmitter which supports DDR4
I/O standard. This is because the standard operates in DDR mode where two data bits are
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transmitted in one clock period and the timing window of these two data bits is maximized
when is distributed evenly without any duty cycle distortion.
For determining the DCD of the transmitter, a clock pattern signal with 50 % duty cycle
was driven into the transmitter. Then, the pulse width of output logic high, tpw was
measured at 50 % threshold between VOL and VOH voltage levels as demonstrated in
Fig. 11.17. Finally, the DCD of the transmitter was calculated using Eq. (11.12).
𝐷𝐶𝐷

.

100 %,

(11.12)

Fig. 11.17. Waveform showing the measurement points used in calculating DCD.

11.5.2.1. Standard PVT Corners
With respect to the specifications, the DCD of the transmitter is within ±2 % for DDR4
standard after simulated on the 80 PVT corners defined previously. The transmitter in
DDR4 mode has a margin of 0.61 % whilst 2 % DCD in DDR4 at 3.2 GHz is equivalent
to 6.25 ps jitter.
In the context of DCD against temperature, the spread in the DCD in DDR4 operation
across process and voltage variations increases with the decrease in temperature,
according to Fig. 11.18. This is due to the temperature inversion phenomenon that is
common to 28 nm process node and below. As oppose to the normal temperature trend
where the transistor is faster at cold and is slower at hot, this phenomenon will cause the
transistors at slow process corner to be weaker at cold and to be stronger at hot [30].
However, this inverting temperature trend found on slow transistors will only happen
when the transistors are biased with a low voltage supply. With the low VDD voltage
level for DDR4 operation, the condition for temperature inversion is satisfied on the
transmitter at the slow process corner. As a whole, slow transistor are at their slowest at
the cold temperature and fast transistors are at their fastest at the cold temperature as well.
Hence, the widest spread of DCD observed at -40 °C is the result of both extremities that
happen at this temperature.
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Fig. 11.18. DCD across PVT corners in DDR4 operation against temperature.

A different trend where the DCD of the transmitter reduces towards negative side with the
increase in temperature was observed in these operation modes. This is because the
linearity of the output driver increases with temperature as shown in Fig. 11.19. In the
POD topology, the output swing is asymmetrical where the VDS of the pull-down driver is
significantly larger than the VDS of the pull-up driver. As the non-linearity only exists in
the high VDS region, only the effective strength of the pull-down driver is affected by the
change in linearity across temperature. Under this circumstance, the pull-down driver
becomes stronger as the temperature increases while the pull-up driver maintains its
strength, causing the DCD of the transmitter to reduce towards the negative side.

Fig. 11.19. Temperature effect on linearity.

11.5.2.2. Local Variation
In addition to the standard PVT coverage, a Monte Carlo analysis of 1000 iterations was
performed to investigate the sensitivity of DCD to the local process variations within the
transmitter. As its outcome, the transmitter was identified to be most susceptible to local
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variation at -40 °C with VCC voltage level at minimum and VDD voltage level at
maximum for DDR4 standard. At this worst-case condition, the local variation would
incur 0.77 % DCD per σ in DDR4 mode as shown in Fig. 11.20.

Fig. 11.20. Standard deviation of DCD due to local variations in DDR4 operation.

The worst-case condition occurred at low VCC voltage level and cold temperature
because the slower transistors due to local variation are experiencing the temperature
inversion that will further weaken them at this condition. Regarding the high VDD voltage
level in the worst-case condition, it is because a higher VDD voltage level will lead to a
larger VDS on the pull-down driver, indirectly exposing it to a higher non-linearity region
at cold temperature that would reduce its effective strength.
11.5.3. Output Slew Rate
Output slew rate is the measurement on the speed of transition for both rising and falling
edges. A specification on the minimum output slew rate is required to ensure the transition
of each symbol is less than one UI to minimize the jitter due to ISI. On the other hand, a
specification on the maximum output slew rate is defined to avoid excessive crosstalk
with adjacent channels.
Similar to the setup for DCD measurement, a clock pattern signal with 50 % duty cycle
was driven into the transmitter. Then, the transition times for rising and falling edges
between VOL(AC) and VOH(AC) voltage levels defined in Table 11.12 were measured.
Finally, the output slew rate of the transmitter was calculated for rising and falling edges
using Eqs. (11.13) and (11.14) respectively [7].
𝑟𝑖𝑠𝑖𝑛𝑔 𝑠𝑙𝑒𝑤 𝑟𝑎𝑡𝑒
𝑓𝑎𝑙𝑙𝑖𝑛𝑔 𝑠𝑙𝑒𝑤 𝑟𝑎𝑡𝑒
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Table 11.12. Specification on output slew rate and its measurement points for each I/O standards.
Symbol
VOH(AC)
VOL(AC)
SR

Parameter
AC Output High Level for Output Slew Rate
AC Output Low Level for Output Slew Rate
Output Slew Rate (Rise/Fall)

DDR4
0.85 X VDD
0.55 X VDD
Min
4
Max
9

Unit
V
V
V/ns

With respect to the specifications in Table 11.12, the output slew rate of the transmitter is
within target with large margin for DDR4 standard. Similar to the DCD scenario, a trend
of output slew rate across PVT corners that is unique to DDR4 operation was observed.
In Figs. 11.21 and 11.22, the distribution of output slew rate for DDR4 standard is a
bimodal distribution where it was separated into two distinct groups according to the VDD
voltage level of the PVT corners. The PVT corners with VDD voltage level at maximum
are resided in the group of faster slew rate whereas the PVT corners with VDD voltage
level at minimum are resided in the group of slower slew rate. This strong dependency of
output slew rate on the VDD voltage level implies that the percentile change in VDS is
substantial based on Eq. (11.15), given that the gate of the driver slices is in the VCC
voltage domain. Due to the small VDS when VDD is around 1.2 V, a small absolute change
in VDS due to the VDD voltage variation will incur a large percentile change in VDS. This
translates into a large percentile increase in current during output transition that will boost
the transient response of the output driver, increasing the output slew rate.
𝐷𝑟𝑖𝑣𝑎𝑏𝑙𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑟𝑒𝑔𝑖𝑜𝑛

𝑘

𝑉

𝑉

𝑉

(11.15)

Fig. 11.21. Rising slew rate across PVT corners in DDR4 operation against temperature.
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11.5.4. Power and Area
Besides meeting the performance target for DDR4 I/O standard, one of the objectives of
this work is to achieve low power consumption and small area cost. For testifying the
power consumption aspect of the transmitter, the DC leakage power and dynamic power
of the transmitter were measured via HSPICE simulation. For testifying the area cost
aspect of the transmitter, the design area of the transmitter was estimated using the count
and sizing of all components within the transmitter.

Fig. 11.22. Falling slew rate across PVT corners in DDR4 operation against temperature.

11.5.4.1. Power
For DC leakage measurement, the transmitter was simulated at typical corner, nominal
VCC and VDD voltage level and 100 °C temperature. A hot temperature was used to give
a realistic worst-case condition as leakage current is higher at hot temperature. The
leakage measurement was conducted on all three supported I/O standards and the result
was tabulated in Table 11.13.
Table 11.13. DC leakage power breakdown by module and voltage supply.
Module
Driver
VDD
VDD
Pre-Driver
VCC
ALU
VCC
VDD
Total
VCC
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DDR4
0.0008
11.7129
24.7836
13.0707
0.4993
11.7317
25.2837
13.57

Unit
µW
µW
µW
µW
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The pre-driver was identified to be the largest contributor to the leakage power. This is
because the utilization of low threshold voltage transistors in the pre-driver is more than
95 %. Despite its leaky nature, the low threshold voltage transistors were used in all
high-speed data paths to minimize jitter. In contrast, the leakage power at the ALU is
small as it was constructed with only standard threshold voltage transistors. Finally, the
leakage power at the output driver is negligible because of its usage of stacked transistors.
It is important to note that there is a leakage path between VDD and VCC voltage supplies
at the level shifters.
For dynamic power measurement, the transmitter was simulated at typical corner, nominal
VCC and VDD voltage level and 25 °C room temperature. Moreover, the same PRBS-11
pattern used in generating eye diagram was driven into the input of the transmitter to
represent realistic random data and the average power over 2048-bit stream was measured
at each module. Then, a scaling factor of two was applied on the measured dynamic power
to account for post-layout effect and other auxiliary circuitries like FIFO and clock
network. This adjustment on simulated values is essential for a valid comparison between
the proposed transmitter and other works. Finally, the energy efficiency of the transmitter
was evaluated based on the scaled dynamic power using Eq. (11.16).
The scaled dynamic power of the transmitter is shown in Table 11.14. The power
breakdown reveals that the output driver consumes the most I/O supply power in driving
the parasitic capacitances in the transmitting channel, whereas the ALU does not consume
dynamic power as its outputs are static control signals. On the other hand, in Table 11.15,
the efficiency of the transmitter was observed to have a positive relation with toggle rate
but have a negative relation with VDD voltage level.
𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

(11.16)

Table 11.14. Dynamic power breakdown by module and voltage supply.
Module
Driver
VDD
VDD
Pre-Driver
VCC
ALU
VCC
VDD
Total
VCC

DDR4
3.7969
1.6522
4.1214
2.4692
0.0000
5.4491
7.9183
2.4692

Unit
mW
mW
mW
mW

Table 11.15. Energy Efficiency of the transmitter in DDR4 standard.
Parameter
Dynamic Power
Data Rate
Energy Efficiency

DDR4
7.9183
6.4
1.2372

Unit
mW
GB/s
pJ/bit
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In order to gauge the level of efficiency, the energy efficiency from [6], which is the best
among the related works, was selected as the benchmark. The benchmark is at 2.2 pJ/bit
using 1.35 V VDD voltage level while the energy efficiency of the proposed transmitter
is at 1.1 pJ/bit, more than 50 % smaller than the benchmark. This proves that the proposed
transmitter has low power consumption.
11.5.4.2. Area
Similar to the approach used for dynamic power, the total area calculated sizing of all
components was scaled with the assumption that the cell utilization factor is 70 % for
ASIC module and the area of active devices is 50 % of design area for custom modules.
These low utilization values were used to budget for metal routings and layout design
rules. From Table 11.16 and, the pre-driver was identified as the largest module which
contributes 65 % of the total area of the transmitter. The large area of the pre-driver is
caused by the capacitors for the AC level shifters that takes up 39 % of the total area
according to Table 11.17. Nevertheless, there is an opportunity for area optimization by
constructing a portion of metal-oxide-metal (MOM) capacitors on top of the quiet ALU
to reduce the total area up to 15 %.
In order to gauge the level of area cost, the area from [5], which is the smallest among the
related works, was selected and a scaling factor of 0.3 was applied to discount the
additional transmitters, ESD protection devices and decoupling capacitors before using it
as the benchmark. The benchmark is at 1620 µm2 while the area of the proposed
transmitter is at 1175 µm2, more than 35 % smaller than the benchmark. This proves that
the proposed transmitter has low area cost.
Table 11.16. Area breakdown by module.
Module
Driver
Pre-Driver
ALU
Total

Area (µm2)
183.67
768.06
222.47
1175.20

Normalized Breakdown
0.16
0.65
0.19
1.00

Table 11.17. Area breakdown by component.
Module
Transistor
Resistor
Capacitive
Total

Area (µm2)
667.1
53.04
455.15
1175.20

Normalized Breakdown
0.57
0.05
0.39
1.00

11.6. Conclusions
Table 11.18 summarizes the architecture, key performance parameters, power and area of
the proposed work and compares them against those from other three related works that
were designed in the process node close to 20 nm. For a valid comparison, the area from
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[5] was scaled with a 0.3 factor while the area from [6] was scaled with a 0.6 factor (the

unscaled values listed in brackets). The key architectural difference is the hybrid driver
architecture with 3-tap equalizer in the proposed transmitter in contrast to the
binary-weighted or linear-weighted driver architecture with 2-tap equalizer. The proposed
transmitter also manifests significant advantages over the related works where it has
56 % higher in data rate, 50 % lower in energy per bit and 35 % lower in area cost.
Table 11.18. Qualitative comparison between proposed transmitters with other related works.
Reference
Technology
Equalizer
architecture

[9]
28 nm
Binaryweighted
Dedicated
equalizer

Equalization
scheme

AC-coupled
pre-emphasis

Driver architecture

Impedance, Ω
Data Rate, Gb/s
Efficiency, pJ/bit
Area, µm2

40
6.4
2.68
–

[5]
22 nm
Binaryweighted
Dedicated
equalizer
Non-constant
impedance
pre-emphasis
40
6.4
2.5
1620 (5400)

[6]
22 nm
Linearweighted
Shared
equalizer
Constant
impedance
de-emphasis
24-40
5.0
2.2
6574 (10956)

This work
20 nm
Hybrid
Shared
equalizer
Non-constant
impedance
de-emphasis
34-60
10.0
1.1
1175
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Challenges and Opportunities for SiC
MOSFETs Processing
Maria Cabello, Victor Soler, Gemma Rius, Josep Montserrat,
José Rebollo and Philippe Godignon1

12.1. Introduction
Semiconductor microelectronics is largely based on silicon (Si) technologies, which have
been developed and improved during the last 60 years. The advantages of Si are mainly
more favourable chemistry and physics for doping, oxidizing, etching, cleaning, as well
as the high quality and low cost of the starting crystals. However, there are other
semiconductors with superior properties for specific electronic applications like high
frequency, high temperature, high power, photonics, solar cells, etc. These
semiconductors usually present more drawbacks, both in terms of technologies and costs.
Semiconductors materials like Gallium Arsenide, Indium Phosphide, Gallium Nitride,
Silicon Carbide (SiC) or Diamond are progressively entering in industrial production
phases for specific markets and products. For instance, it is today widely recognized that
new generations of power devices based on Wide Band Gap (WBG) semiconductor
materials with superior material properties are required for a higher efficiency and robust
operation of power converters [1]. As WBG critical field is more than one order of
magnitude higher than Si, the use of a thinner and higher conductive epitaxial layer is
allowed and, consequently, the on-state current losses of electronic devices are drastically
reduced. Within the WBG family, SiC is one of the most promising semiconductor
materials for the fabrication of power devices, and currently several commercial devices
are already offered on high volume production. In addition, SiC is foreseen for other
applications like Ultra Violet (UV) detectors, high temperature radiation detectors for
nuclear fusion applications, high temperature (< 250 ºC) digital and analog electronics,
gas sensors and biosensors.

Maria Cabello
Institut de Microelectrònica de Barcelona-Centre Nacional de Microelectrònica (IMB-CNM), Consejo
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On the other hand, MOSFET is a key element in modern microelectronics, with
applications spanning from highly integrated CMOS to high power devices. It has really
boosted the development of all kind of microelectronic technologies since the 1970's. In
power electronics, technologies initially based on Si bipolar devices (BJTs and thyristors),
MOSFETs and MOS gate-controlled devices (mainly IGBTs), completely monopolizes
today's market. However, Si-based power devices have reached their limits imposed by
Si material properties. Among SiC-based power devices, SiC MOSFET has been the focus
of numerous investigations since its demonstration in 1993 [2]. However, the
development of efficient low resistive SiC power MOSFETs has been slower than other
SiC power switches, like JFETs or BJTs, due to very low inversion channel mobility
values and high instability of the threshold voltage (Vth). These two limitations were
mainly caused by a poor quality of the MOS interface, which is affected by amount of
oxide charges and large interface trap density (Dit) values. Although improvements in the
MOS interface quality allowed the realization of commercial SiC MOSFETs operative up
to 1.2 kV-1.7 kV. However, SiC high voltage capability is not fully exploited. The current
roadmap for SiC semiconductor industry tentatively predicts the introduction of 3.3 kV6.5 kV SiC devices in the market in the medium term to compete with their Si-based
counterparts [3]. SiC MOSFET is also foreseen for digital electronics able to work at
temperatures higher than 200 ºC. The issues are similar as with power MOSFETs
regarding interface quality and stability.

12.2. SiC MOSFETs Challenges
The basic cell structure of an n-MOSFET signal transistor like the used in CMOS
technology is shown in Fig. 12.1. The MOSFET is based on the injection of electrons
through a highly n-doped region, named source. The electrons have then to cross a pregion in which an inversion channel can be created by applying a given bias on the gate.
The two main parameters of the current flow inside the channel are the free carrier’s
density (Ns), and their mobility (μ).

Fig. 12.1. Schematic cross section of a signal n-MOSFET cell.

There are several technological solutions focused on the improvement of the SiC MOS
interface. The main target is to increase the channel carrier mobility [4]. Specifically,
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Chapter 12. Challenges and Opportunities for SiC MOSFETs Processing

regarding mobility in the MOSFET channel, two ranges of operation have to be
considered, one at relatively low electric field, just above Vth (typically 5 V), and a second
regime at higher field, for gate voltages of 15-25 V. The latter is especially relevant for
power electronics converters as it corresponds to the gate operation voltage
of the devices.
The channel mobility values can be extracted by different ways, coming from Si
technology: a) effective channel mobility (μeff) is extracted from output curves
(dIDS/dVDS), b) field effect mobility (μfe) is extracted from transfer curves (dIDS/dVGS), and
c) hall mobility (μhall) is extracted under magnetic field using Hall laws. However, in SiC,
the electrons in the inversion layer are trapped by the high Dit and near interface oxide
traps (NIOTs). It strongly affects the extraction of an accurate μ value [5]. Accordingly,
the concept of an apparent channel mobility would better reflect the mobility extracted
from the measurements. In the literature, most of the reported mobility values for SiC
MOSFET test structures are specifically μfe. But experimentally, the μfe versus gate
voltage (or electric field) curve typically shows a peak maximum just after Vth is reached.
Then, μfe decreases when increasing gate voltage (increasing vertical electric field). This
behaviour will be carefully discussed latter, yet eventually, the μfe peak value can be much
higher than the μfe values at high fields. When considering a possible technological
solution for MOSFET improvement, this behavior must be also taken into account. While
in Si technology μeff is usually a factor 2.5 lower than the bulk mobility, in SiC this
difference is not only larger but it depends on the substrate crystallographic structure; i.e.
SiC polytype (see Table 12.1 in Section 12.3).
It is understood that the decrease of the channel μ is mainly caused by structural
imperfections of the dielectric layer as well as in the interface. Comprehensive
understanding of the traps formation is still lacking today, but interstitial C clusters, Si
and C vacancies in the SiC surface, O vacancies in the oxide, and most probably a high
atomic strain of interface layers are considered to be responsible for the creation of
electrically active traps. The presence of electrically active charges in the oxide bulk or at
the interface strongly influences the flow of the charge carriers in the conduction channel.
The different types of charges [6] and their arrangement are schematically represented in
Fig. 12.2.

Fig. 12.2. Schematic representation of the charges present in the SiC MOS interface.
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A modelling of channel mobility as a function of the applied gate voltage (VGS) is reported
in [7] which accounts for several types of physical scattering effects. Relevant results
include that Dit and fixed charges (Qox) strongly impact the μfe peak value at low fields,
while surface roughness and NIOTs are the main factors affecting μfe at high fields.
However, if the interface traps are reduced, below 4×1011 cm−2eV−1, phonon scattering
becomes a μfe major limitation at low fields. Differently, the mobile charges and NIOTs
are mainly responsible for the Vth instability.
Summarizing, today, the two main technological challenges for SiC MOS technology are:
1) to find optimal dielectric processes and configurations to increase the channel mobility,
and 2) to have a gate high stability and operational reliability. This chapter is focused on
two of these SiC highlights/challenges; the n-channel mobility improvement and the Vth
instability study. Some results obtained on the different SiC polytypes are recapped in this
chapter. It is important, particularly when comparing results in different papers of the
literature, to take into account that reported mobility and Dit values strongly depend on
the method and on the test structure used for parameter extraction. Extracted μfe values
decrease when 1) the channel length decreases, 2) the p-type doping is done by
implantation instead of epilayer growth, and 3) the surface doping is increased. Then, the
rest of the chapter will be dedicated only to 4H-SiC. Different solutions proposed to
increase the low mobility obtained by standard oxidation (wet/dry) of Si face <0001>
4H-SiC will be reported. Some of these solutions are based on nitridation treatments, as
well as phosphorus, boron and alkaline earth element doping. This chapter will also
present different crystallographic orientation of 4H-SiC as well as the effect of the
oxidation temperature over MOSFETs reliability. Finally, some new trends in Vth
measurement procedure will be discussed.

12.3. MOS Interface Properties in View of the Different SiC Polytypes
Among the more than 200 possible SiC crystallographic structures, the so-called
polytypes, the most commonly used for device fabrication have traditionally been the 3C
(cubic), 4H and 6H (hexagonal) and 15R (rhombohedral) polytypes. Their respective
structures are schematically shown in Fig. 12.3.

Fig. 12.3. Stacking sequence of bilayers of Si and C atoms of 3C-, 4H-, 6H- and 15R-SiC.
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SiC basic structural unit consists of a covalently bonded tetrahedron of four C (or Si)
atoms with a Si (or C) atom in the center. The bond length between the Si-C atoms is
approximately 3.08 Å. Each tetrahedral unit joins to other four units at the corners to form
the SiC crystals, where stacks follow distinctive bilayer arrangements for each polytype.
Table 12.1 summarizes main fundamental electrical properties of each polytype, together
with Si characteristics for reference. In most present applications, devices are fabricated
on 4H-SiC polytype, due to its superior and more isotropic bulk carrier mobility.
Table 12.1. Properties of SiC polytypes as compared to Si.
µn
µp
µfe*
Ratio
Ec
Eg (eV)
2
2
@ 300 k (cm /Vꞏs) (cm /Vꞏs) (cm2/Vꞏs)
µp/µfe
(MV/cm)
Si
1.11
1350
450
500
2.7
0.3
3C-SiC
2.3
750
40
150
5
1.6
6H-SiC
3.05
415
90
45
9.2
2.6
4H-SiC
3.2
950
120
7
135
2.5
15R-SiC
2.98
600
60
10
2.5
* Average value of inversion channel mobility for either dry or wet oxidations [8].
Material

εr
11.8
9.6
9.7
9.7
9.7

12.3.1. 3C-SiC
Compared to 4H-SiC and 6H-SiC based MOSFETs, the few examples of 3C-SiC
MOSFETs reported in the literature systematically exhibit higher μfe values. Their
behaviour is corroborated by their lower Dit (7×1010 cm−2eV−1 at 0.2 eV from the
conduction band (EC)) and active NIOTs values obtained from their experimental
measurements. The fact is that as the 3C-SiC bandgap is smaller than in the hexagonal
polytypes, the NIOTs that trap electrons from the channel, which would partially cause
μfe degradation, are located within the EC and they do not participate to electron trapping
[9]. This behaviour is illustrated in Fig. 12.4.

Fig. 12.4. Schematic composition of the SiO2/SiC interface state density as a function
of the energy position for 3C- and 4H-SiC (adapted from [11]).
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The lower active Dit values obtained in 3C-SiC have allowed the manufacture of
n-MOSFETs with μfe values between 75 and 260 cm2/Vs using a conventional dry gate
oxide gate process [10]. This is different from the rest of SiC polytypes where extra
nitridation or specific Post Oxidation Annealing (POA) treatment are required. From the
point of view of channel efficiency, 3C-SiC would be the ideal polytype for the fabrication
of SiC-based power MOSFETs. However, this polytype also has important limitations.
Drawbacks include its lower critical field strength or lower thermal conductivity, which
both limit 3C-SiC application in MOSFET high voltage applications. Moreover, the main
issue is the 3C-SiC starting material quality and its processing. Since 3C-SiC polytype is
a metastable crystal phase, it cannot be grown in large wafer size by the sublimation
method. Despite original growth methods have been proposed, such as Chemical Vapor
Deposition (CVD) on Si substrates [9, 10] or Switch Back Epitaxy (SBE) method, a large
density of defects and, especially, Si-terminated stacking faults (SF) are still largely
present in the available material, which limits 3C-SiC use for real commercial devices.
12.3.2. 6H-SiC
Similar to 3C-SiC, the quality of the SiO2/6H-SiC interface, and consequently μfe values,
is inherently higher than that of the 4H-SiC polytype, which is due to its smaller bandgap.
Technologically, 6H-SiC MOSFET's with μfe values up to 72 cm2/Vs have been reported
when standard dry oxidation treatment is combined with low temperature wet re-oxidation
annealing, in this case, without the need of, for example, nitridation or incorporation of
other element atoms [12]. Indeed, nitridation was also proven effective in improving the
interface quality of 6H-SiC MOSFET [13]. However, despite high quality 6H-SiC crystal,
unlike 3C-SiC, can actually be obtained, its low bulk mobility along the c-axis, due to its
large crystal anisotropy, makes this polytype unattractive for MOS gated devices
fabrication [14].
12.3.3. 15R-SiC
15R-SiC polytype behaves similarly to 6H-SiC polytype, but with slightly higher μfe
values due to its higher bulk mobility. However, 15R-SiC material is very difficult to
synthesize, so experimental results of growth process always contain large amounts of
other polytypes inclusions.
12.3.4. 4H-SiC
4H-SiC has superior material properties and availability. Its breakdown field is one order
of magnitude higher than in Si, leading to more favourable on resistance (RON)
optimisation. It has a bandgap of 3.26 eV at room temperature and can be operated at high
temperatures over 300 ºC. 4H-SiC shows the best trade-off combining bulk mobility,
breakdown voltage and epilayer resistance. In terms of substrate/crystal production,
originally this polytype was found to be energetically the most favourable, followed by
6H and 8H, respectively [15]. Yet, these polytypes are actually metastable and, therefore,
require non-equilibrium growth conditions. In Fig. 12.5, the basic structural unit of SiC,
and the stacking sequence of bilayers of Si and C atoms of 4H-SiC is shown.
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Fig. 12.5. Basic structural unit of SiC and the stacking sequence of bilayers of Si and C atoms
for 4H-SiC polytype (Stacking sequence indicated by a red line).

12.4. Channel Mobility Optimization on 4H-SiC MOSFETs
One of the technological concerns that affect the behavior of 4H-SiC MOSFETs is their
low μfe. This limitation becomes particularly relevant for the development of 4H-SiC
MOSFETs devices operating below 1 kV, for which μfe represents the most important
contribution to the total on-resistance (RON) of the device.
12.4.1. Standard Nitrided Gate Oxidation
As mentioned in the introduction, the amount of Dit and NIOTs at the SiO2/SiC interface
limits μfe in 4H-SiC MOSFETs processed with dry or wet oxidation [16, 17]. Hence,
technological strategies for reducing Dit and NIOTs are needed for advancing in high
performance SiC MOSFETs. One of the approaches involves the application of a
nitridation process which consists in complete or partial growth of the gate oxide in the
presence of an N-containing gas. The presence of nitrogen promotes the generation of
strong Si-N bonds that act as a passivation of the interface traps [18]. Interface traps are
linked to dangling as well as strained bonds, in addition to missing atomic C or other
complex Si-CO compounds within the oxide and at SiO2/SiC interface [16]. Effectively,
the introduction of N at the SiO2/SiC interface has been proved to reduce Dit below
1012 cm-2eV-1 near the EC edge by using POA in NO [14], N2O [19] or NH3 [20], and thus
increases μfe. Fig. 12.6 illustrates the three most common processes followed to build up
nitrous oxides.
Results of NO annealing in SiO2/4H-SiC [17, 21] found that nitrogen is incorporated only
at the interface, therefore being very efficient in reducing Dit, in this case, by a factor of
10. Based on this NO annealing process, μfe could be increased by an order of magnitude
up to 25-35 cm2/Vs. To implement the nitridation process, the oxide can be directly grown
in NO ambient at 1150-1175 °C, or alternatively, a dry thermal oxide can be submitted to
a NO POA. The effect of N2O annealing on the SiO2/4H-SiC interface was investigated
later [22], and provided μfe values of up to 26 cm2/Vs. As for its comprehension, at high
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temperature, N2O decomposes into small percentages of NO and a large percentage of N2
and O2. The latter (N2 and O2) become undesired by products as they lead to competing
reactions which hinder the N incorporation process at the SiO2/4H-SiC interface. In
consequence, NO treatment is considered more effective than N2O treatment. However,
main drawback of NO for processing is its high toxicity.

Fig. 12.6. Different nitridation processes for (a) NO-grown oxide, (b) N2O grown oxide,
and (c) NO- or N2O annealed oxide.

Furthermore, to be an efficient treatment the nitrogen must be confined at the SiO2/SiC
interface. The higher the N concentration at the interface, the higher the channel mobility.
Yet, it reaches a saturation effect for a peak density of around 6ꞏ1019 cm-2 (5ꞏ1021 cm-3).
Indeed, the nitridation process is a competition between N incorporation through NO
diffusion and the presence of oxygen. As a result, nitridation effect is limited as interfacial
N is unstable against the slow reoxidation occurring in parallel. Based on this, it has been
determined that the optimal nitridation temperature when using NO would be around
1175 ºC [22, 23]. The nitridation time is also an important factor on the nitrogen
incorporation. As we can see in Fig. 12.7, the density of NITs and electron traps decreases
as longer NO treatment is applied. For example, when increasing the treatment duration
from 8 minutes to 4 hours (higher N density), a decrease of NITs by a factor of 5 is
observed [23]. However, the N incorporation increases the level of hole trapping as
compared to standard oxidation.
To promote nitrogen incorporation and avoid the saturation effect due to oxygen
competition, post annealing without oxygen has been proposed. Recent studies on POA
in N2 gas at high temperatures (>1350 ºC) [24] has shown effectiveness in passivating
dominant slow traps at the interface for thin SiO2 layers (<15 nm) in 4H-SiC MOS devices.
Alternative nitridation methods have also been tested, such as ammonia (NH3) nitridation
[25, 26] or N-plasma nitridation [27-29]. For instance, despite little improvement of
SiO2/4H-SiC interface upon NH3 annealing is reported, the leakage current increases as a
result of a reduction of the dielectric strength. Additionally, even though N-plasma
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nitridation results in substantially greater N coverage at the SiO2/4H-SiC interface, μfe is
not further increased. This fact suggests that plasma method while effective in reducing
Dit, but not reducing NIOTs, which also play a dominant role in limiting μfe [16, 17],
particularly as compared with the standard NO annealing.

Fig. 12.7. Different traps densities as a function of nitrogen density. (Adapted from [23]).

Concerning the oxide reliability, Time-Dependent Dielectric Breakdown (TDDB)
measurements have been done in SiC MOS capacitors for its evaluation. For instance,
promising results were obtained on 6H-SiC with this technique [30, 31]. Failure meantime
at 3 MV/cm is reported to be 100 years at 240 °C and 10 years at 305 °C on wet oxide
[30], while it decreases down to about 5.6 h at 350 °C on dry oxide [31]. However, several
studies performed on nitrided 4H-SiC MOSFETs [32, 33] have also shown the
improvement of high temperature gate oxide reliability (e.g. 100 years operating at a gate
oxide electric field of 4 MV/cm at 250 °C). Actually, recently obtained oxide lifetimes are
even comparable to those reported on Si devices at 9 MV/cm and above [34].
Nitridation process is commonly used in the production of commercial power MOSFETs.
In spite of the μfe increase obtained by nitridation, the mobility values are still rather low
(less than 5 % of the bulk mobility) and it is thought that the maximal improvements
provided by nitridation have been reached. Consequently, alternative methods for a further
μfe enhancement have been addressed, as reviewed in the next paragraphs.
12.4.2. Doped Gate Oxides
As an alternative to nitridation, several approaches consisting in doping the gate oxide by
the introduction of different ions have been considered. This approach has proven
effective for passivating the SiO2/SiC interface and increasing μfe. Firstly, unintentional
addition of Na actually resulted in high μfe peak values up to about 170 cm2/Vs [35], but
resulting devices operation was highly unstable due to mobile-ions effects. Differently,
other chemical elements such as P or B, which have been used more recently, have shown
better results as follows.
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a) Phosphorus
P incorporation via the annealing of thermal SiO2 in POCl3 ambient, as compared to NO
annealing, has allowed obtaining higher μfe values (89 cm2/Vs) and lowering Dit on
Si-face 4H-SiC [36]. Similar results were obtained by using Phosphosilicate Glass (PSG)
annealing from solid diffusion sources [37]. Besides, P incorporation by ion implantation
in the SiC prior to an oxidation step has also proven effective in reducing Dit [38, 39]. As
a drawback, the introduction of atomic P converts SiO2 into a PSG layer, which can lead
to Vth instability (see Section 12.7). Explicitly, Vth instability was analyzed and compared
to that of nitride-gate dielectrics [40]. The results show that the oxide traps in phosphorusdoped oxides are the main cause of Vth instability via the capture of electrons. The Vth
stability has been improved by using a stacked gate oxide structure, while maintaining
high μfe values. The stack consists of a thin PSG interfacial layer and a CVD oxide
deposited on top [41, 42].
In addition, recent studies [43] have proved that the P introduction into the gate oxide
layer also accounts for certain SiC surface doping, and thus, also has an effect in the μfe
value. Known as counter-doping, this effect is linked to the group V elements, which act
as donors when they accumulate at the SiO2/SiC interface substituting Si or C atoms. As
a result, the inversion channel of the MOS structure is displaced deeper inside the SiC
crystal, therefore, reducing interface effects such as Coulomb scattering. In consequence,
counter-doping increases μfe especially at low gate voltages; i.e. near Vth, where the
Coulomb scattering and Dit are the mobility main limiting factors.
Differently, at high transverse electric fields, surface roughness induced scattering is the
main limiting factor, and counter-doping has a lower effect on improving μfe. As seen in
Fig. 12.8, typical channel mobility versus VGS curve exhibits a strong peak maximum
followed by a marked decrease of the mobility. Counter-doping via nitrogen ion
implantation was firstly discussed by Ueno et al. [44]. Particularly, they showed an
increase of the μfe peak and a Vth decrease as compared to the values obtained for a
standard oxide. More recent achievements of counter-doping have also been reported for
phosphorus [45], as well as using other group V elements such as antimony [46, 47] and
arsenic [47]. Quantitatively, reported μfe peak values are 89 cm2/Vs, 100-120 cm2/Vs, and
160 cm2/Vs, respectively. Their mobility curves are shown in Fig. 12.8. As clearly
observed, both Sb and As exhibit very pronounced μfe peaks at low electric fields, which
maximum are significantly higher than in the P case. Yet, mobilities at high electric fields
(e.g. >10 V) are significantly lower for Sb and As and, consequently, As or Sb
counter-doping seems to be of limited effectiveness in real-device applications.
b) Boron
In 4H-SiC MOSFETs, B diffusion in a previously grown dry thermal oxide has allowed a
Dit reduction so that high μfe peak values (100 cm2/Vs) could be obtained [48]. The
mobility improvement is attributed to a structural change of SiO2/SiC interface. As
reported in previous works on POCl3 [43], the stress at the interface can be reduced by the
incorporation of network formers. Specifically, it is believed that B atoms occupy Si sites,
instead of C sites, in accordance with Si lower electronegativity [49]. As a result, the
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oxygen bond strength is reduced, which promotes stress relaxation in the oxide [50]. B
incorporation by diffusion has also proven effective in NIOTs reduction, and therefore,
accounted for the μfe increase. These results are in agreement with some earlier studies on
the SiO2/Si interface by Fourier transform infrared absorption and X-ray photoelectron
spectroscopy. They showed how B incorporation relaxes the built-in compressive stress
in the oxide network near the interface [51]. On the other hand, boron is smaller than other
group V atoms, so it is not always valid for counter doping the SiC surface.

Fig. 12.8. μfe versus VGS curves obtained on MOSFETs. Their oxides have been treated with
different group V element doping profiles.

Actually B doping process has been improved more recently, particularly, as a
combination of N2O oxynitridation plus B diffusion [52, 53]. Further μfe increase even at
high electric fields is reported. Given that C clusters and NIOTs constitute the dominant
fraction of interface traps [54], the combination of B diffusion with oxynitridation can
also contribute to improve the SiO2/4H-SiC interface quality. Precisely, an oxide stacked
structure has been prepared by a sequential processing which consists in: a) rapid thermal
oxidation (RTO) in N2O environment to grow a thin SiO2, which limits the C interstitials,
b) B diffusion into the SiO2 from BN solid source, and c) deposition of a Plasma Enhanced
CVD tetraethyl orthosilicate (PECVD TEOS) oxide on top. With this approach, average
μfe peak values of 160 cm2/Vs at low electric fields (7.5 V) have been reached, with a
relatively low attenuation up to a VGS of 30 V (120 cm2/Vs). Indeed, the study also shows
that the higher the B concentration, the higher the μfe, with peak values above 200 cm2/Vs.
As an alternative, other groups have been able to reach high μfe peak values (>160 cm2/Vs)
at low electric field by combining a B treatment with shallow Sb doping [55, 56]. In Fig.
12.9, the B, B + N2O and Sb + B μfe curves can be compared, showing a maximum of the
μfe at low electric field and a decrease at high fields. Importantly, Vth of B-doped oxide
remains positive and the maximum oxide critical field is not reduced.
c) Alkali and alkaline earth elements
The use of alkali and alkaline earth elements for passivating the SiO2/4H-SiC interface
has also been investigated [57]. The passivation process mainly consists of a very thin
interface layer of alkali or alkaline earth materials deposition, followed by a CVD SiO2
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layer and a subsequent high temperature POA. Experimentally, thin layers of Rb and Cs
increase μfe values only up to 25 cm2/Vs (see Fig. 12.10). Contrarily, alkaline earth
elements such as Sr and Ba provided SiO2/SiC interface conditions suitable for obtaining
high channel mobility MOSFETs on the Si-face (0001) of 4H-SiC without the need of
employing the standard NO annealing. Precisely, it is understood that Sr and Ba atoms
located at the interface provide μfe values as high as 65 and 110 cm2/Vs, respectively
(Fig. 12.10) [57]. It has been also shown that Ba allows obtaining stable Vth under stress
testing at 175 °C and 2 MV/cm gate bias. More recently, Ba interface passivation
combined with postdeposition anneal up to 10 h in a O2/N2 ambient has provided μfe values
two times higher than that obtained by standard NO passivation annealing [58, 59]. It is
reported that Ba catalyzes the oxidation rate and its efficiency, including the formation of
BaSiOX. Despite the good results obtained in terms of μfe and Vth stability barium treated
oxides are not preferred because they have a low critical electric field.

Fig. 12.9. μfe versus VGS curves for MOSFET devices having different configurations of B-doped
oxides. Results on bare N2O thermal oxide are included for reference.

Fig. 12.10. μfe versus gate voltage curves for MOSFET devices. Oxides have been treated
with various alkaline earth elements (adapted from [57]).
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12.5. Impact of Crystal Orientation
In Si technology, the MOS interface properties can be significantly different depending
on whether substrates with <100> or <111> crystal orientation are used. Similarly, SiC
MOS properties depend on crystal orientation. For instance, as SiC is a polar material,
oxide growth kinetics of the Si face differs from that of the C face. As another example,
hexagonal SiC substrate epilayers must be grown on off-axis substrates to limit the amount
of structural defects, as well as proliferation of 3C or 15R inclusions. Today, most of the
processed SiC material corresponds to 4° off-axis cut Si face 4H-SiC wafers. Indeed, this
type of SiC substrate is the best choice for high voltage device fabrication. Differently,
this substrate is worse than the others discussed in this chapter, in terms of MOS
performances.
12.5.1. Crystal Orientation
The strong impact of crystal orientation on MOS properties was firstly observed on the
<11-20> crystal orientation, also known as α- face. As early as 2000, Yano et al. [8]
reported μfe peak values of nearly 100 cm2/Vs on <11-20> 4H-SiC MOS based on wet
oxidation at 1100 °C plus Ar annealing at the same temperature. Instead, mobility values
as low as 6 cm2/Vs with the same MOS processing on <0001> 4H-SiC are obtained. It
must be mentioned that the thermal oxide growth rate is faster on the <11-20> face by a
factor of 3-5. Other technical aspects include using wet oxidation instead of dry oxidation
in the case of <11-20> orientation, while dry oxidation is preferred on the <0001> face.
Importantly, the μfe values on <11-20> 4H-SiC are reproducible and have even been
improved later on [60, 61]. For instance, in [61] we reported 160 cm2/Vs average channel
mobility in 4H-SiC MOSFETs, which were fabricated on <11-20> p-type epitaxial layers
using a two-step procedure for gate oxide formation. The first step consists in the thermal
growth of a thin dry SiO2 at 1050 °C. The second step aims at a thick layer (50 nm) of
complementary oxide deposited by PECVD using Tetraethyl orthosilicate (TEOS) as
precursor gas.
More recently, alternative crystal orientations, such as the <0-33-8> or <03-38>, have also
been studied [62]. These orientations form an angle of 54.7° with respect to the
<0001> Si face. This orientation is equivalent to the Si <001> face in cubic structure
(3C-SiC). Similarly to <11-20>, higher μfe peak values can be obtained as compared to Si
face [63, 64]. In this case, the gate oxide was initially thermally grown in dry ambient,
followed by post-annealing in, first, NO and then, Ar. Using this MOS configuration, μfe
peak values of 80 cm2/Vs and low subthreshold slope of 110 mV/decade have been
obtained. These results can be obtained thanks to the low Dit value at the interface
(3×1011 cm−2eV−1 near the EC). For comparison, 15-25 cm2/Vs and 200-400 mV/decade
are typically obtained on <0001> face with the same oxidation applied on the implanted
surface. Moreover, similar to Si MOS technology on these technologies, the channel
mobility decreases as temperature increases.
Currently, there is no debate about the strong advantage of building the MOS channel on
a non-polar SiC face. Specifically, it allows using a native thermal oxide at the interface,
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i.e. without the need of incorporating foreign impurities. As a result, a more stable and
reliable MOS structure should be expected. The best way to implement the MOS channel
on such crystal orientation is to build trench devices, and to avoid drawbacks such as lower
breakdown capability. For instance, the following solution was proposed by Infineon
Technologies on their new CoolSiC MOSFET technology [65]. The MOS channel is
implemented on the side wall of a trench oriented by 4° with respect to the surface, so that
the <11-20> orientation is reached only on one side of the trench (Fig. 12.11a). As another
example, Sumitomo Electric implements a V-groove MOSFET, i.e. a trench etched with
a sidewall angle corresponding to the <0-33-8> orientation [66] (Fig. 12.11b). The main
drawback of both trench and V-groove transistor structures is the presence of a high
electric field at the trench bottom in the blocking mode, which limits their breakdown
voltage capability.

Fig. 12.11. Sketch of novel trench/groove MOSFET (a) the CoolSiC™ Trench MOSFET cell
from Infineon Tech. [61] and (b) the V-groove MOSFET from Sumitomo Elec. [66].

12.5.2. C-face
Evaluating the effect of SiC polarity, we firstly observed that the growth kinetics of the
thermal oxide is one order of magnitude faster on the C face than in the Si face. In the
case of SiC MOSFETs fabricated by conventional dry gate oxidation of the C face, the μfe
peak value is relatively low. However, it has been found [67] that pyrogenic gate
oxidation, as well as pyrogenic gate oxidation followed by H2 POA, considerably
decreased the amount of Dit. As a result, an increase of μfe up to 111 cm2/Vs was obtained,
which is significantly higher than the values obtained on similar MOSFETs fabricated on
the Si face. These results have been confirmed in [68] where using wet oxidation and H2
POA reached μfe values of 90 cm2/Vs. Remarkably, those values correspond to peak
mobilities at low electric fields, just above the Vth. Similarly to counter-doped MOSFETs,
the mobility on C face strongly decreases at high electric fields. It is considered that the
Dit reduction might be caused by the passivation of interface states by radicals, -H or -OH.
However, it is known from Si technology that H dangling bonds passivation is not stable
and actually can be removed applying temperatures above 200 °C. It is also important to
mention that wet or H2 treatments do not work efficiently upon the Si face. Inversely, NO
annealing cannot be applied on C face. As a final remark, the leakage current through the
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oxide under high electric fields (attributed to Fowler-Nordheim tunneling) usually starts
at lower electric fields in the C face due to earlier band alignment [69].
12.5.3. Off-axis Cut Wafers
Another remark regarding the effect of crystal orientation was to check the impact of the
characteristic off-cut angle of commercial SiC wafers. As mentioned earlier, off-axis cut
substrates are required to minimize the amount of 3C inclusions [70, 71]. Originally, in
the 90's, 8° off-axis cut wafers were used to get maximum epilayer quality, but more
recently, 4° off-axis cut substrates became the standard for SiC devices fabrication thanks
to improvements of the growth processes. The impact of the off-axis nature of the interface
on MOSFET performances could not be extensively studied in the past, due unavailable
on-axis epitaxied material. However, our experiments, as well as other papers in the
literature, indicated that the lower the off-axis angle, the better the MOS channel
properties. For example, Fukuda et al. [67] concluded that an off-axis epitaxial angle
below 1° could highly contribute to reduce Dit on C face SiC, since it eases the reduction
of surface roughness. In [72] we demonstrated the advantages and disadvantages based
on studying MOSFETs made on on-axis cut substrates. When comparing on-axis with 8°
off-axis implanted wafers, we observed a 50 % μfe peak value increase for N2O MOSFETs.
We also attributed this performance increase to an improved surface roughness in on-axis
substrates. In addition, better Vth stability, as compared to the other orientations, has been
observed at both room and high temperatures on on-axis samples. The physical and
electrical properties of SiO2/4H-SiC interfaces on 2° off-axis epilayers were also reported
by Vivona et al. [73]. Specifically, they reported improvements in surface flatness, Dit and
oxide reliability. Their MOS capacitors exhibit reasonable low Dit values, in the order of
1×1012 eV−1cm−2, close to the EC, and of the oxide breakdown electric field (9.5 MV/cm).
Importantly, the reduction of the off-cut angle implies a decrease of the wafer cost while
not degrading the MOSFET electrical properties.
Recently [74] a μfe study on the 4º off-axis, 4H-SiC MOSFETs in different orientations
on the Si-face, has showed how for devices with a sufficiently low Dit (implying a
Coulomb scattering effect reduction), other mechanisms, such as electric field induced
surface roughness scattering, play an important role. Due to this roughness scattering
effect, a μ anisotropic behavior is observed in low Dit/high μ interface, such as that in the
a-face (11-20), as it had been previously predicted [75]. As it was introduced in
Section 12.2, if the interface traps are reduced below 4×1011 cm-2eV-1, the phonon
scattering is a µfe major limiting effect at both low fields and high fields. This phenomenon
was recently confirmed by a study from Mitsubishi group [76], where they evidenced that
when the Coulomb scattering is low enough, the effect of phonon scattering can be clearly
identified as the dominant effect on hall mobility reduction in the channel. The common
belief that the high field mobility was mainly depending on the so-called surface
roughness is not anymore true as can be seen in the Fig. 12.12, where the impact on
mobility of Coulomb scattering, phonon scattering and surface roughness is compared for
a p-well p-doping of 1ꞏ1016 cm-3.
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Fig. 12.12. μ Hall and extracted inversion layer mobility of each scattering mechanism as a function
of Eeff at room temperature. Here, NA was 1×1016 cm-3. μSR is determined by using
the Matthiessen’s rule and formulated μphonon and μCoulomb. Extracted μSR is proportionally
decreasing to Eeff-2. The power-law coefficient of -2 is consistent with the well-known Eeff
dependence of μSR. (Adapted From [76]).

12.6. Oxidation Temperature
12.6.1. High Temperature Oxidation
Increasing the processing temperature of the SiC oxidation potentially provides several
advantages. Firstly, the oxidation rate would increase [77], what allows reducing
oxidation time for a given thickness. Particularly, Kurimoto et al. [78] reported that
thermal oxidation temperature and rate can be used to tune Dit of the SiC MOS interface.
In particular, increasing the oxidation rate promotes atomic C desorption during oxide
growth. Therefore, amount of C clusters present at the interface, which are partially
responsible of trapping effects, are effectively reduced. More recently, the presence of O
vacancies in thermal oxides produced at standard processing temperatures (1100-1200 °C)
has been also determined. In particular, it has been demonstrated that promoting O
diffusion by increasing oxidation-process temperature would reduce O vacancies. For
example, Naik et al. [79] reported a significant Dit decrease by performing wet oxidation
at 1400 °C. However, their MOSFET devices, based on the 1400 °C oxidation process,
showed very low μfe values (2 cm2/Vs). Yet, in another study, Thomas et al. [80] obtained
μfe values of 40 cm2/Vs using a dry oxidation temperature of 1500 °C. They suggest
reducing O content down to 7 % to optimize the oxidation process. In this case, they
obtained normally-ON devices with a significant negative Vth. Actually, a common feature
of all oxide treatments methods improving μfe is that a Vth reduction is systematically
observed. More recently, in [81], the authors compared several dry oxides grown from
1150 °C up to 1600 °C. They observe minimum Dit values as (optimal) oxidation
temperature of 1450 °C is applied. However, the results correspond to small differences
in Dit values are found for the whole range of tested temperatures.
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In summary, improvement of dry/wet oxide interface quality by increasing growth
temperature is still not consolidated. Other factors such as temperature ramp-down or the
presence of ozone during the oxidation process are also important aspects to be considered
and clearly understood. Concerning ozone, a recent publication [81] demonstrates that its
use during growth increases the growth rate. However, no electrical results are provided
in this study.
12.6.2. Low Temperature Oxidation
Alternatively to the potential of high temperature oxidation, the benefit of low temperature
has also been proposed. Precisely, it has been previously suggested that during a hightemperature gate oxidation process, not all C atoms are removed from the interface [82].
Therefore, instead of trying to eliminate the C from the interface, the objective of growing
oxides at low temperature is to minimize the proliferation of C clusters. Indeed, recently
a high reduction of Dit has been obtained by a low-temperature (600 ºC) gate oxidation
approach. As a result, μfe peak values of 81 cm2V-1s-1 were obtained [83]. As the grown
oxide is very thin, a top layer must be deposited for protection. In this case they used
atomic layer deposition (ALD) of Al2O3. Yet, it is not clear if it is the use of lowtemperature oxidation what benefits the whole MOSFETs behavior or there are other
processes involved. More research is needed on this topic.

12.7. Threshold Voltage Instability in MOSFETs
Regardless of all the efforts devoted to increasing the mobility of the SiC MOSFETs, the
instability of the Vth remains a central problem. The commercialized devices contain
nitrided oxides (e.g. NO or N2O), but without additional doping processes. This is because
many of the techniques used to improve the mobility, as presented above, actually
introduce problems with regard to Vth stability, being yet nitrided oxide devices the most
stable option for room temperature performance.
Under stress, a positive Vth shift means that the device RON increases. As a positive Vth
shift can increase conduction losses, it limits power-conversion efficiency. Differently, a
negative Vth shift may imply an increase of the leakage current in the off-state and,
therefore, reduce the blocking-voltage and normally-off capabilities.
To evaluate the MOSFETs Vth shift, the time Bias Stress Instability (BSI) test is typically
used. BSI technique allows observing the impact on the device electrical parameters of
the amount of both NIOTs and mobile charges with time. In this way, BSI measurements
(inherited from Si technology) have been classically carried out with the application of
time cycles defined according to each experiment. A typical test sequence is illustrated in
Fig. 12.13. Initially, the VGS is generally ramped from -VGS to +VGS applying a constant
drain bias (step 1). Then, the positive gate bias is maintained for a certain bias-stress times
while the other terminals remain grounded (step 2). Following this positive bias stress, the
VGS is ramped from +VGS to -VGS to determine the shift of the IDS (VGS) characteristics
(step 3). This defines a cycle. This implementation of the BSI method has been used for
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most of the reported SiC MOSFET optimization studies up to now. However, as we will
discuss next, the accuracy of this method is limited for SiC and does not provide all the
necessary information.

Fig. 12.13. Schematic of bias-stress cycle showing the applied VGS versus time during the gate
bias-stress threshold instability measurements. Numbers 1, 2 and 3 correspond to the different
steps defining a BSI test cycle (Adapted from [84]).

This section is divided in different sub-topics which are: basic mechanisms that govern
Vth instability (Section 12.7.1), Vth instabilities observed in different devices
(Section 12.7.2) and, concluding, justification of the need and some examples of new
measurement tests proposed to evaluate Vth instability on SiC devices (Section 12.7.3).
12.7.1. Vth Instability Mechanism
Apart from the existence of mobile ions, there are two different dominant mechanisms
affecting the Vth stability in MOSFETs [85, 86]:
1) Oxide trap activation;
2) Oxide trap charging via a tunneling mechanism (charge injection).
The phenomenon of charge trapping in SiO2 is related with the differences in electron and
hole mobility in the SiO2. If holes or electrons are generated inside the oxide or injected
from the interfaces, most of the holes will be trapped within the bulk of the oxide layer
while electrons will remain trapped at the SiC/SiO2 interface. The mechanism is as
follows. The trapped positive charge, holes in the oxide, accounts for a negative shift of
Vth. However, this negative Vth shift can be compensated under positive gate biasing since
electrons from the channel may tunnel into the oxide, i.e. forming a charge-neutral dipole.
Then, if a negative gate bias is subsequently applied, electrons can tunnel back and move
out from the oxide into the SiC substrate, causing again a negative Vth shift by the
uncovered positively charged oxide traps. This sequence is repeatable and reversible at
room temperature, although the Vth instability increases during a bias-temperature stress
at temperatures above 150 °C. This further Vth instability increase is likely due to the
activation of additional traps in the oxide, with activation energies of about 1.1 eV.
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Yet, when the oxide trap activation is less important, the Vth shift generally exhibits a time
dependence response to a bias stress since the oxide-trap charging occurs via a direct
tunneling mechanism. In this case, charge trapping mainly is attributed to NIOTs which
can change their charge state very quickly. Consequently, the testing time sequence, the
time taken to measure the effect of a stress or a long presence of an applied bias during
the measurement, greatly affects what phenomena are observed.
12.7.2. Vth Drift in Different Oxides
- Nitrided gate oxides
Actually, during the fabrication process there is some trap activation, so the applied
technology of the MOSFET is highly related with Vth stability. Fig. 12.14 shows the Vth
shift of various types of 4H-SiC MOSFET devices (e.g. with and without nitridation)
when stressed with a gate oxide field of ±3 MV cm-1. The results can be explained by
electron tunneling in and out of NIOTs, as reported in [84]. As shown in Fig. 12.14,
MOSFETs with nitrided gate oxides exhibit an improvement of the instability (reduction).
Additionally, the threshold voltage shift slightly increases with the increase of the applied
bias voltage during the stress test [84].

Fig. 12.14. Vth shift of 4H-SiC MOSFETs with different oxides, when stressed with an oxide
field of ±3 MV cm-1. Epi means that the channel is built on a p-type epilayer. While Implanted
means that the channel is formed on an implanted p-well. (Adapted from [84]).

Although it has been shown that oxide nitridation contributes to a better Vth stability [84],
for temperatures up to 150 ºC, high stress time Vth instability is also observed in the oxides
where nitridation has been used. This behavior may be attributed to NIOTs [87, 88]. Its
effect can be seen in Fig. 12.15, where a strong drift is observed at 175 ºC.
Similarly, the evolution of transfer curves IDS = f(VGS) during a BSI test are shown in
Fig. 12.16(a) [89], for samples with different surface preparation before a N2O gate
oxidation process is applied. Fig. 12.16(a) shows the evolution of the transfer curve of
n-MOSFETs pre-treated by O2 plasma, while Fig. 12.16(b) shows the results obtained
411

Advances in Microelectronics: Reviews, Volume 2

when a pre-annealing under H2 at 800 °C is done. It can be clearly observed that a H2
pre-treatment allows reducing both the Vth hysteresis and its drift.

Fig. 12.15. ΔVth as a function of stress time measurement in a 4H-SiC MOSFET with a nitrided
oxide at different temperatures. (Adapted from [88]).

Fig. 12.16. Evolution of the transfer curve for (a) O2 plasma pre-treatment and (b) H2 at 800 °C
pre-treatment on N2O grown oxide during stability BSI test. VGS sweeps from −12 V to +12 V,
and reverse, are applied for increasing step-time durations, up to 1 h [89].

- Phosphorus doping
Other works report the benefits of phosphorus doping (POCl3-annealed) [90-92] upon Vth
instability of 4H-SiC MOSFETs. In Fig. 12.17, results from bidirectional ID-VGS
measurements under various VGS sweep conditions at room and elevated temperatures, up
to 200 °C, for nitrous and phosphorus doped oxide are shown. It can be seen how the Vth
in P doped oxides is much better (smaller) at the lower temperatures (including using a
high negative VGS bias of 20 V), being also better or similar at higher temperature.
To avoid electron and hole trapping in the oxide, localization of phosphorus at the
interface has been proposed. [93] Therefore, it is expected that optimization of the gate
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oxide structure will bring stable characteristics at both high temperatures and high positive
and negative gate biases while keeping high channel mobility.

Fig. 12.17. ΔVth as a function of measurement temperature and minimum VGS in the sweep
for POCl3- and NO-annealed MOSFETs adapted from [91].

- Boron doped oxides
In agreement with the results seen in P doped oxides, MOSFETs fabricated with NO2 + B
gate dielectric have shown a reasonable Vth stability at room temperature (Fig. 12.18) [94].
However, Vth stability is not maintained when the temperature is increased. Experimental
data in (Fig. 12.18) corresponds to stress testing on 4.5 kV power MOSFETs in a BSI test,
for up to 1 h duration at room temperature and 150 °C. The obtained results indicate that
boron doped gate oxide is unsuitable for medium-high temperature operation. A possible
explanation is boron activation, as a mobile ion, above certain temperatures. Structurally,
germanium, atomically similar to boron, could be a potential element to relax interface
stress, so that overall MOS device performances could be improved [95].

Fig. 12.18. Vth drift of boron-treated 4.5 kV power MOSFETs. BSI stress tests are performed
at room temperature and 150 °C.
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- Other interface dopants
There are some studies on Sb counter-doping effect in the channel region that shows how
Vth decreases with Sb counter doping [96]. The observed negative Vth shift, compared
with NO annealed MOSFETs, is explained by a compensation of the acceptors in the
surface region mediated by Sb donors. Combining Sb counter-doping effect with a
Borosilicate Glass (BSG) gate dielectric, very high mobilities and a tunable Vth were
obtained [97]. In other works, in terms of Vth stability, it has been shown that Ba
passivation of the SiO2/4H-SiC allows obtaining stable Vth under stress testing at 175 ºC
and 2 MV/cm gate bias [98, 99].
12.7.3. Novel Vth Measurement Procedures
Nevertheless, the actual mechanism causing the Vth instabilities in SiC devices
intrinsically differs from silicon, and does not cause a permanent damage to the interface
in a relevant way. Vth recovery results in the underestimation of the number of trapped
charges during the gate bias stress because trapped charges are released immediately once
the stress is removed. Consequently, it is necessary to reduce the relaxation time in order
to obtain a reliable Vth shift evaluation. Accordingly, several recent papers point out that,
in order to measure Vth instability, dedicated characterization methodologies are needed
for SiC MOSFETs, since silicon-based standards can lead to ambiguous results when
directly applied.
For instance, Aichinger and coworkers have recently deeply studied the Vth peculiarities
and response to Bias Temperature Instability (BTI) test of SiC MOSFETs in comparation
of Si ones [100]. It is highlighted that SiC MOSFETs exhibit a fully reversible hysteresis
effect due to charging and discharging of interface traps. This effect is not seen in Si
MOSFET due to the different bandgap and its lower Dit value. Then, they propose a new
measure-stress-measure procedure for BTI evaluation of SiC MOSFETs, which allows
distinguishing between reversible Vth hysteresis and more permanent Vth drift. The new
method mainly consists in a proper preconditioning, prior to the stress procedure and the
resulting Vth readout, as shown in Fig. 12.19.
At present, it is considered that the Vth shift of 4H-SiC MOSFETs has a strong dependence
not only on stress time, but on the measurement time [85, 86]. Recently Okamoto et al.
published their investigation about the Vth instability of 4H-SiC MOSFETs using highspeed (HS) I-V measurement instrument in gate oxides with dry, 10 min NO POA (NO10)
and 60 min NO POA (NO60) at 1250 ºC [101]. DC stress measurement ranging from 106
to 103 s without relaxation effect revealed that the Vth shift had two modes, of fast and
slow component, of which the fast component can be suppressed by NO POA. The results
are shown in Fig. 12.20, where it can be seen different samples measured by the
conventional slow sweep method, by non relaxation (NonRlx) method explained in [102],
where a constant VGS is continuously applied as a gate stress avoiding the Vth relaxation.
A HS Non relaxation method, where the sampling period is of the order of s (instead of
ms) using HS IV instrumentation [101] is also compared. An extremely large Vth shift was
observed when using the HS NonRlx method compared with the other methods. This
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result indicates that a large number of charges were trapped in a short stress time, and it
is an effect that cannot be observed by conventional methods.

Fig. 12.19. Measure-stress-measure procedure suggested in [100] to evaluate BTI tests for SiC
MOSFETs. Drift in VthDOWN = BTI degradation. (Adapted from [100]).

Fig. 12.20. ΔVth vs time for a dry sample and a NO60 sample measured by three different
methods (traditional slow sweep, slow non-relaxation and high speed non-relaxation method).
The DC BIAS is 15 V. (Adapted from [101])

Similarly, Sometami et al. also propose evaluating Vth shift by high-speed non-relaxation
methods. The Vth shift of 4H-SiC MOSFETs with Ar or N2O POA was measured by
conventional sweep, three point, NonRlx methods and high-speed non-relaxation methods
[102, 103]. Although the Vth shift values of both samples were almost identical when
measured by the sweep method, those for the Ar POA samples were larger than those for
the N2O POA samples when measured by the non-relaxation method.
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Finally, it should be noted that although faster measurements (on the order of µs) will
likely result in larger observed Vth shifts, which are occurring during the bias stress, they
probably will not affect the reliability of most applications employing these devices since
they do not lead to increased leakage in the OFF state or increased resistance
in the ON state.
Currently, an expert working group composed by the most relevant industries of the field
is elaborating a new international standard for SiC characterization.

12.8. Summary
Since the first studies on SiC MOSFETs in the early 90s, many technology developments
and testing experiments have been performed to improve its initial low channel μfe values.
Since 2000, Si-face off-axis cut 4H-SiC turned to be the material of choice for fabricating
power devices. Most efforts on material growth have been done toward this polytype,
particularly, aiming at defect reduction and increasing the wafer size. However, in this
chapter it has been profusely demonstrated that Si face of 4H-SiC is the worst choice to
get MOSFET with high μfe values.
A solution based on nitridation is today considered as the standard in SiC commercial
MOSFET devices. However, mobilities obtained with nitridation are still low, reaching
the limits of acceptable values. Moreover, with the availability of first pre-commercial
power MOSFET devices, new issues such as Vth instabilities appeared.
New solutions such as P doping have shown to be very efficient to increase μfe, but they
suffer from Vth instability and reliability problems. Other alternative solutions, like oxide
counter-doping with As and Sb or deposition of Al2O3 dielectric layer for 4H-SiC MOS,
would have also provided very high μfe values at low electric field, but actually show a
strong μfe decrease at higher electric fields, i.e. in the operation range of the actual devices.
The B incorporation in the oxide also allows a strong μfe increase, up to remarkable values
of 200 cm2/Vs. When combined with nitridation, devices show good stability at room
temperature, but start to drift significantly above 100 °C. More efforts are needed to solve
this problem, so that B doping can be eventually validated as a solution for SiC MOSFETs.
Another remark is that using improvement of interface based on incorporation of foreign
atoms, like N, P B, Ba or La, it seems that the thinner the layer, the better in terms of
interface passivation, stability and reliability. Indeed, the optimization of N, P or B
treatments shows that the higher the concentration, the better the obtained results. This
means that this is not really the doping process which is efficient, but the formation of a
new material with atoms concentration of the order of the atoms concentration of Si and
C. The fact that B strongly improves the mobility also draws some attention, as it is not
an n-dopant like P, As, Sb, N, and, in addition, it is a small size atom. Then, atomically,
B itself is pretty different from other atoms, yet also allowing an increase of the mobility.
Then, a general tendency on 4H-SiC Si-face seems to be that a μfe increase is
counter-balanced by degradation in both stability and reliability. It has been highlighted
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that measurement methods inherited from Si technology are not appropriate for a 4H-SiC
MOSFET characterization. In recent years, much attention has been paid to the correct
measurement of the Vth stability, proposing new non-relax or high-speed non-relax testing
methods.
Technologically summarizing, the results comprehensively shown in this chapter indicate
that the SiC surface oxidation must be minimised to reduce the generation of carbon based
defects, and to reduce the compressive stress caused by the oxidation process.
In most cases, an improvement of the channel mobility and subthreshold slope is
accompanied by a decrease of the Vth, typically below values required in real devices
(3-5 V). To compensate the Vth decrease, the p-doping could be increased. However, the
channel mobility decreases when the doping is increased. Then, other approaches to
increase Vth should be used. During many years, the main focus to improve the mobility
was toward a reduction of the interface traps. In Fig. 12.21 left side, can be seen part a
clear linear relationship between Dit decrease and a μfe increase. However, when including
the recent works on B, La2O3, higk-k, etc., it can be seen that this linear increase of
mobility is broken and a kind of Dit saturation at a minimum value of 1011 cm- 2eV-1 is
observed. The mobility can be improved despite the Dit is not reduced below those levels
(1011 cm-2eV-1). A minimum Dit may have been reached. Another possibility is that
interface traps (like ultra fast Dit) are further reduced by the new treatments, but not
detected by the usual characterisation methods. However, most probably, no more efforts
on Dit reduction are needed. On the contrary, NIOTs and strain must be improved for
further increase of the channel mobility.

Fig. 12.21. Peak μfe at low electric field (dominated by coulomb scattering) extracted
in Si-face 4H-SiC MOSFETs with different thermal oxides and POA, versus corresponding
Dit at 0.2 eV from EC.

Today, one of the most promising solutions to combine high μfe values and good stability
seems to be the use of a Ba interface layer on Si face for planar MOS channels, while the
use of trench or groove gates to build (only) the channel on other crystallographic
orientation prevails. Yet, novel issues appear for these architectures, such as a poor
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breakdown voltage capability in power devices. The chosen optimization will depend, as
usual, on the final application and the specific trade-offs associated with the application.
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Performance
Mehrdad Asgari, Fahimeh Hooriabad Saboor, Sahar Vahdatifar1

13.1. Introduction
This chapter presents a short review on metal oxide semiconductor (MOS) gas sensors
and the parameters affecting their performance in Sections 13.1 and 13.2, along with
improvement in the performance of MOS gas sensors with introducing a second material
in Section 13.3. This chapter mainly focuses on the different roles of silica in the gas
sensing application in Section 13.4. Sections 13.5-13.7 provide some case studies in the
field of metal oxide gas sensors in the presence of silica as an additive in the Pt/SnO2
nanostructure, as a second phase in the SnO2 decorated silica nanocomposite, and as a
core material in the silica/ZnO core/shell nanostructures.
13.1.1. Introduction to Chemical Gas Sensors
Nowadays, in the era of urbanization, most people spend the majority of their time in
closed residential and office spaces. Products and equipment used in these spaces such as
building materials, furniture, office equipment, household appliances, insecticides, and
detergents are the main sources of production of Volatile Organic Compounds (VOCs).
In addition, different kinds of residential activity including cooking, grooming, and
smoking are also other factors contributing to air pollution. Therefore, sometimes the
concentration of these pollutants in residential areas can become several times higher than
that in open spaces. Meanwhile, population growth and industrialization have also caused
the air pollution to become a serious issue even in open spaces. The main existing
pollutants in the open areas are those leaving industrial units and vehicles including COx,
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NOx, SOx, CH4, other hydrocarbons and VOC compounds. This elevated concentration of
toxic and hazardous compounds in the air has put the health of the human in danger and
has exposed the residents of many parts of the world to low air quality [1]. Therefore, in
order to keep track of air quality, there is a dire need for devices capable of detecting low
levels of hazardous gases in the air. In this regard, gas sensors have been made and are
normally classified into three main categories based on the gas sensing mechanism:
optical sensors, spectroscopic sensors, and solid-state sensors. The sensing part of solidstate chemical sensors mostly consists of metal oxide semiconductors. These sensors have
the benefits of quick response, simple usage, and low cost when compared to the other
two classifications. On the other hand, it has some disadvantages including lack of
selectivity and short-term sustainability [2].
13.1.2. Semiconductors
The semiconductor refers to a group of materials that partly show the behavior of
conductive materials and partly that of non-conductive materials. Contrary to metals,
where the valance orbitals overlap and therefore electrons can easily move in, in
semiconductors, the transfer of electrons from the valance layer to the conductive layer
has some energy barriers. This energy barrier is exactly the difference between the energy
level of the valance band and conductive band.
The difference between semiconducting materials and non-conductive (insulators) lies in
the distance between the valance band and conduction band. In insulator materials, this
distance is so large that it is virtually impossible for electrons to move to the next
electronic layer. However, in semiconductor materials, this barrier is far smaller, thus
providing a higher possibility of electron transfer between the two layers. The gap
between these two energy levels is called the band gap. The band gap in a semiconductor
is normally between 1-4 eV [3].
Charge carriers in a semiconductor are either electrons or holes. As an electron moves
from the valance band to the conduction band, a vacant spot develops for the electron, i.e.
a hole forms in the valance band, while a carrier of the negative charge, i.e. an electron,
appears in the conduction band. The Fermi level can be considered as a hypothetical
energy level of an electron, which has a 50 % probability of being occupied at any given
time. [4]
13.1.2.1. Intrinsic and Extrinsic Semiconductors
Semiconductors vary in terms of the type of charge carriers; they are divided into two
groups of intrinsic semiconductors and extrinsic semiconductors. In the intrinsic type of
semiconductors, the electrons acquire energy from energy or light sources based on which
they get excited and move from the valance band to conduction band. This results in the
formation of an electron in the conduction band and a hole in the valance band. Typically,
the number of electrons transferred from the valance band to the conduction band is not
very high in the intrinsic type of semiconductors and therefore, their electrical
conductivity is not very large [5].
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Nonetheless, the extrinsic semiconductor (as its name suggests) refers to the category of
materials in which the charge is formed by the presence of an external factor or presence
of some defects in the crystalline materials. If the doped material in the structure of a
semiconductor has an electron surplus compared to the based semiconductor material, the
dominant charge carrier in the semiconductor will be electron and thus the semiconductor
will be an n-type semiconductor. However, if the added material or the dopant has deficit
of electrons compared to the main semiconductor material, then the dominant charge
carriers in the structure will be holes and the semiconductor will be a p-type
semiconductor. Due to the more common usage of n-type semiconductors, in this chapter
we mostly talk about them, unless it is mentioned that the discussion is about p-type
semiconductors.
Fig. 13.1 demonstrates the Fermi level for an intrinsic semiconductor, for an n-type
semiconductor, and a p-type semiconductor [6]. Since in the intrinsic semiconductors the
number of negative and positive charge carriers is equal, the energy of the Fermi level lies
in the middle of the conduction band, while in extrinsic semiconductor materials, it further
approaches the conduction band or valance band depending on the majority of charge
carriers. In n-type semiconductor materials, where the majority of charge carriers are
electrons, the probability of finding electrons in the conduction band is higher than that of
the valance band and therefore the Fermi level approaches the conduction band. On the
other hand, in the p-type semiconductors with the holes as dominant charge carriers, the
probability of finding electrons approaching the valance band is higher and thus the Fermi
level further approaches the valance band.

Fig. 13.1. The Fermi level for: (a) intrinsic semiconductor, (b) n-type semiconductor,
and (c) p-type semiconductor [6].

13.1.2.2. Metal Oxide Semiconductors
Metal oxide semiconductors refer to the metal oxides in which the electrons or holes are
formed due to the presence of defects in the crystalline framework. These materials are
widely used in solid-state gas sensors. There are different metal oxide materials which
have been widely used in sensing applications. Some of the most important materials are
briefly introduced further.
427

Advances in Microelectronics: Reviews, Volume 2

Tin dioxide: The stable crystalline phases of tin (IV) dioxide, or SnO2, are rutile and
castellite. The rutile form of Tin (IV) dioxide has been demonstrated in Fig. 13.2. Tin
oxide is one of the most popular semiconductor metal oxides which is widely used in gas
sensing applications. The development of charge carriers inside the structure of tin oxide
arises from the presence of oxygen vacancies, making this material as an n-type
semiconductor. Nevertheless, the charge neutrality of the crystalline network is
maintained due to the replacement of Sn4+ ions with Sn2+ ions at the surface, where Sn2+
can play an electron-donating role compensating for the lack of oxygen in the crystalline
structure [7].

Fig. 13.2. Rutile structure of SnO2. Reprinted from the public domain
(https://commons.wikimedia.org/wiki/File:Rutile-unit-cell-3D-balls.png).

Zinc oxide: ZnO is an n-type semiconductor that is widely used as a chemical gas sensor.
Oxygen vacancies and zinc interstitials are the main factors for the formation of negative
charge carriers within the structure of ZnO. N-type semiconducting property, good
transparency, high electron mobility, wide band gap, strong room-temperature
luminescence, chemical stability, adjustable transport properties, and large exciton
binding energy are among the factors that have led to the increasing popularity of these
group of materials in many applications concerning semiconducting materials especially
gas sensing applications. Zinc oxide crystals are formed in two crystalline phases of
wurtzite and cubic zirconia, as displayed in Fig. 13.3. The wurtzite structure has a more
stable structure in the environment [9, 10].

Fig. 13.3. The (a) zinc-blende; and (b) wurtzite crystallographic structure. Reprinted from the
public domain (Zinc blende structure: http://commons.wikimedia.org/wiki/File:Sphalerite-unitcell-3D-balls.png ; Wurtzite structure: http://commons.wikimedia.org/wiki/File:Wurtzite-unitcell-3D-balls.png).
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Indium oxide (In2O3): Indium oxide is also an n-type semiconducting material. Following
SnO2 and ZnO, In2O3 is one of the most widely used metal oxide semiconductors. In2O3
can be crystallized in cubic (bixbyite type) and the rhombohedral (corundum type) phases
[11]. These crystalline phases have been illustrated in Fig. 13.4. The band gap for both
phases is about 3 eV [12, 13].

Fig. 13.4. (a) Cubic (bixbyite type) and (b) rhombohedral (corundum type) crystalline
phases. Source for (b): Epifani et al. 2016 [14] Reproduced with permission of American
chemical society.

Tungsten trioxide (WO3): WO3, which is known as tungsten (VI) oxide, tungsten trioxide
or tungstic anhydride, is another n-type semiconducting material. This metal oxide
semiconductor has a band gap of 2.7 eV which has made it attractive for chemical sensing
applications. The presence of tungsten sites with different oxidation states at the surface
of this semiconductor material justifies the chemistry of surface reactions on the surface
of this material [10]. The crystalline structure of tungsten trioxide is temperature
dependent. Within the operating conditions of the chemical gas sensors, the crystalline
phase for this material is either monoclinic (within the range of 17-330 °C) or
orthorhombic (within the range of 330-740 °C) [15]. The monoclinic and orthorhombic
crystal systems for tungsten trioxide have been shown in the Fig. 13.5.

Fig. 13.5. (a) Monoclinic; and (b) orthorhombic structure of tungsten oxide. Source: Marques et
al. 2016 [16] Reproduced with permission of Nature publishing group.

Copper oxide (CuO): Overall, the use of copper oxide as sensor has remained
underreported as compared to most n-type semiconductors. However, among p-type
semiconductors, copper oxide is one of the most popular ones. Copper exists in two
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different crystalline phases: copric oxide with the formula of CuO and cuprous oxide with
the formula of Cu2O. These two different phases can begin exchanges with each other in
the presence of oxygen vacancies or adsorbing oxygen from the atmosphere. This
exchange has an important effect on the chemistry of gas phase reactions on the surface
of sensors. Note that the crystal systems for cupric oxide and cuprous oxide are different.
Cupric oxide crystallizes in monoclinic crystal systems, while cuprous oxide has a cubic
crystal system. The crystal systems for both materials have been demonstrated in
Fig. 13.6. Cupric oxide and cuprous oxide have a band gap of 1.2-1.5 eV and
2.12 eV, respectively [10].

Fig. 13.6. (a) Monoclinic cupric oxide; and (b) cubic cuprous oxide. Reprinted from the public
domain (monoclinic cupric oxide structure: https://commons.wikimedia.org/wiki/File:Copper(II)oxide-unit-cell-3D-balls.png ; cubic cuprous oxide: https://commons.wikimedia.org/wiki/
File:Copper(I)-oxide-unit-cell-A-3D-balls.png).

Nickel oxide (NiO): Nickel oxide is another p-type semiconductor with adjustable sensing
properties. This material has a wide band gap of 4.3 eV, causing this material to possess
unique electrical properties. The 3d orbitals in this material is almost full, making it
suitable for chemiresistive modulation [10]. This material has a cubic crystal system
[17, 18] that has been shown in Fig. 13.7.

Fig. 13.7. Cubic NiO crystal system.

13.1.3. The Mechanism of Operation of Metal Oxide Gas Sensors
Most chemical gas sensors take advantage of n-type metal oxide semiconductor materials.
The reason is that these materials exhibit more sensitivity and greater response rate to the
gases adsorbed on the surface [19]. The resistance of these types of semiconductor
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materials grows when they are exposed to an oxidizing gas. On the other hand, the
resistance of these materials decreases with exposure to a reducing gas, which is due to
the presence of oxygen vacancies in the structure of such semiconductors. When these
semiconductors are exposed to air, the oxygen atoms are adsorbed on the surface of
sensors in the form of ions. The negative charge required for the formation of oxygen ions
on the surface is provided by the available charge carriers in the structure. In other words,
the majority of charge carriers inside the n-type semiconductors, i.e. electrons, migrate to
the surface of these semiconductors in order to form oxygen ions. Consequently, the
concentration of charge carriers inside the structure diminishes, thereby reducing the
conductivity and enhancing the resistance. On the other hand, the exposure of the sensor
to reducing gases causes occurrence of a reaction between surface oxygen ions and these
reducing gases. In response, the electrons are released back into the structure, causing the
conductivity to grow again and the resistance to decline. Accordingly, different reducing
gases can be detected in such systems by the mechanism of resistance change. Among the
target reducing gases for chemical gas sensors, one can mention carbon monoxide,
ethanol, methane, propane, trichloroethylene, and toluene. The reactions of these reducing
gases with the ionic surface oxygen atoms resulting in the return of electrons and detection
of these gases by resistance change are provided as follows [20-23]:
𝐶𝑂
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In response to the abovementioned reactions, the resistance of the sensor changes, which
is the main mechanism of detection in a metal oxide. The sensor response is defined as
the ratio of the resistance of the sensor when it is exposed to air and to the target gas [24].
Definitely, there are different forms of sensor responses to express the sensitivity of a
sensor to a defined value of a target gas [25]. Nevertheless, as stated previously, all such
definitions are based on the difference between the resistance of the sensor in the air and
in the target gas environment. Note that the definition of the sensor response can be
reformatted given the type of the semiconductor (if the semiconductor is n-type or p-type)
and/or whether the target gas is reducing or oxidizing. For n-type semiconductors, the
resistance of the sensor rises and falls in the presence of oxidizing and reducing gases,
respectively. However, it is vice versa for p-type semiconductors. The resistance of the
sensor drops and grows in the presence of oxidizing and reducing target gases,
respectively. These differences may slightly change the definition of the sensor response
in each case.
As already mentioned, the sensing of metal oxide semiconductors is related to the change
of the resistance with adsorption of surface species and the one species which in all cases
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contains oxygen atoms and ions. Therefore, the study of the adsorption of oxygen ionic
species on the surface is of utmost importance for realizing the sensing mechanism and
behavior. Different modes of oxygen adsorption have been shown in Fig. 13.8. As can be
seen in this figure, the oxygen molecules are normally physisorbed at the surface of metal
oxide semiconductor materials at low temperatures. As temperature rises, the oxygen
content, which has been adsorbed on the surface in the molecular form, diminishes and
instead the O- and O2- species begin to appear. At very high temperatures, the dominant
species on the surface of metal oxide is adsorbed O2- species. As mentioned previously,
the adsorption of oxidizing gases, e.g. oxygen, causes depletion of electrons from the bulk
of the semiconductor materials and thus enhanced resistance [26].

Fig. 13.8. Different kinds of oxygen species as a function of temperature via different
characterization routes. Source: Barsan et al. 2001 [26] Reproduced with permission
of Springer Nature.

13.2. Influential Parameters Affecting the Performance of an MOS
Gas Sensor
There are different parameters influencing the performance of the sensor. Herein, we
divide these parameters to three main groups as follows:
(I) Electronic properties of the material:
The electronic properties of the semiconductor material play a significant role in the
sensing properties. These properties are material-specific and may change from one
sample to another. In this work, we review charge carrier concentration, mobility, and
material conductivity resulting from the first two factors.
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(II) Environmental parameters:
This group of parameters are dependent on the surrounding environment rather than on
the material. In addition to the gas phase composition that affects the resistance of the
sensor and is indeed the main factor based on which we can use the semiconductors as a
chemical sensor, there are other environmental parameters affecting the sensor’s
resistance and thus its performance. Among them, we have chosen the temperature and
humidity to review in this chapter.
(III) The physiochemical properties of the synthesized sensor:
This group of variables are largely dependent on the combination of the type of the
components used in the sensor and the method utilized for or preparation/synthesis of the
sensor. These parameters are both affected by the chemical properties of the constituents
as well as their morphological and surface properties. We have chosen catalytic activity,
grain size, the effect of acidity of additive materials and basicity of the sensor,
microstructure, and chemical composition from this group of variables to examine their
effect on the sensing behavior.
13.2.1. Electronic Properties of the Material
13.2.1.1. Material Conductivity
The conductivity of semiconductor nanostructures is a key characteristic of the sensors
significantly affecting their behavior. In contrast to metallic materials, for which the
charge transfer and electrical properties of the material can be simply defined by
conductivity, in semiconductor materials, this is slightly more complicated and charge
transfer inside these materials is a function of two different parameters: the concentration
of charge carriers and the mobility of charge carriers inside the semiconductor materials
[27]. Therefore, for the conductivity of semiconductor materials we have:
𝜎

𝑛𝑒𝜇,

(13.7)

where 𝜎 represents the conductivity (1/Ω , n is the concentration of charge carriers in
1/𝑚 , e denotes the electrical charge of a carrier unit, and 𝜇 is the mobility of the charge
carriers ( 𝑚 / 𝑉. 𝑠 . Since the electrical charge of the carrier unit is constant
(e = 1.602×10-19 °C), as mentioned earlier, the electrical conductivity of the semiconductor
is function of the two above-mentioned parameters: mobility of the charge carriers and
the concentration of charge carriers inside the semiconductor materials. Below, these
parameters will be described briefly.
13.2.1.2. Concentration of the Charge Carriers
As discussed in the previous sections, metal oxide semiconductor structures are divided
into two groups: n-type and p-type semiconductor materials based on the type of majority
of charge carriers. In n-type semiconductors, which have been more frequently used as
gas sensors, the majority of charge carrier are electrons. These charge carriers are often
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formed in the presence of oxygen vacancies. As the magnitude of oxygen vacancies and
thus the concentration of charge carriers grow, the conductivity of semiconductors
increases. The amount of oxygen vacancies and, as a result, the charge carrier
concentrations are mainly a function of the material itself, followed by the synthesis
conditions such as annealing temperature, calcination temperature, as well as the condition
of the synthesis of the sensor such as acidity and pH of the solution [28]. For example,
Fig. 13.9 (a, b, and c) displays the effect of the heat treatment temperature on the charge
carrier concentration, mobility rate, and total conductivity for the thin film In2O3 [29]. As
shown in the figure 13.9. (b), the carrier concentration of In2O3 thin film as a function of
temperature has a maximum value at 450 °C, which can be explained by the presence of
oxygen vacancies or presence of extra indium atoms functioning as electron donating
elements to the crystalline network.

Fig. 13.9. The effect of heat treatment temperature on the (a) resistance (b) carrier concentration,
and (c) mobility rate. The data points have been extracted from literature
and the picture was redrawn [29].

13.2.1.3. The Mobility of Charge Carriers within Semiconductor Structures
The mobility of electrons within a semiconductor material has a direct relationship with
the overall conductivity of the material. Faster movement of the charge carriers within the
semiconductor helps electrons move through the material better, thus enhancing the
overall conductivity of this semiconductor [30]. This parameter is defined as:
𝑉
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where Vd is the velocity of charge carriers inside the semiconductor (m/s), 𝜇 represents
the mobility of charge carriers (m2/V.s), and E denotes the electric field force (V/m). There
are many factors affecting the transport rate of electrons in a semiconductor metal oxide
structure including temperature, impurity concentration, surface defect concentration,
intrinsic properties of the material, porosity, and grain boundaries. The transport within
porous materials depends on the porosity and grain boundaries in addition to the material
properties and bulk defects.
The mobility and charge carrier concentration, which are the basic parameters in metal
oxide semiconductor structures, can be measured using the Hall device.
13.2.2. Environmental Parameters
13.2.2.1. Humidity
The humidity of the surrounding environment is an important factor affecting the
performance of metal oxide sensors. Typically, water adsorption on sensing materials
causes altered sensitivity levels. [31] The reasons for the effect of moisture on the
performance of the sensor are as follows:
- The reaction between the surface oxygen atoms and the water molecules forms hydroxyl
groups which are adsorbed together on the surface of metal oxide semiconductor materials
and increase their electrical conductivity. This causes the sensor response not to be the
same as in dry conditions and to be affected by the level of moisture in the air,
compromising the accuracy of the target gas detection [32]. The long-term exposure of
the sensor to the moisture causes the hydroxyl groups to be always present at the surface
of the metal oxide. Because of this long-term exposure to the moisture, the surface of the
sensor might slowly start to chemically degrade by hydrolysis reactions. Therefore, the
tendency of the surface of chemical sensors to adsorb water and to hydrolyze considerably
affects the sensor performance.
- There is a competition for the adsorption of O2 and H2O on the surface. The adsorption
of water molecules reduces that of oxygen species on the surface of chemical sensors,
since it occupies some of the surface-active sites and reduces the free sites for oxygen to
be adsorbed on [33].
- Water molecules act as an obstacle not only against the adsorption of the gases on the
surface of the sensor but also against the diffusion of target gas through chemical sensor
nanoparticles. As a result, the sensitivity of the sensor declines, while the sensor response
and recovery time grow due to reduction in the rate of diffusion for target gas molecules.
[31, 34].
The results of TPD and IR tests reveal that at temperatures above 200 °C, there is no effect
on the presence of water molecules on the sensor surface. However, hydroxyl groups can
be still seen up to 400 °C [35, 36]. Note that in some cases, such as chlorine ion, water
molecules can poison the sensor surface and occupy the active sensor sites, resulting in
diminished number of active sites and thus reduced sensitivity [37].
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13.2.2.2. Temperature
Temperature is one of the main factors affecting the performance of gas sensors. The
temperature affects the semiconductor physical properties (the excitement of electrons and
their movement from the valance band to the conduction band), adsorption and desorption
processes, surface coverage of different ionic species, as well as decomposition and
oxidation of gases on the semiconductor surface, all of which have a heavy dependence
on the operating temperature of the sensor.
Typically, sensitivity follows the trend of volcano plot (Fig. 13.10). As the temperature
rises, the sensitivity increases to a maximum value and then declines. This trend has been
observed in many studies of gas sensing applications. [38, 39] More details of this
behavior has come in the following, where the effect of catalytic activity on the sensing
performance is being described.

Fig. 13.10. The effect of sensor temperature on the sensor response. The data points have been
extracted from literature and the picture was redrawn [39].

13.2.3. The Physiochemical Properties of the Synthesized Sensor
13.2.3.1. The Effect of Catalytic Activity on Sensitivity
Since a target gas, presumably a reducing gas, reacts on the surface of semiconductor
sensors while diffusing through the porous layer, understanding the catalytic activity of
the sensor is of utmost importance. The important concept in these conditions is the
relative rate of catalytic activity of the sensor compared to the diffusion rate of the
different gas species through the porous layer. If the reaction rate is far higher than the
diffusion rate, the gas molecules cannot reach the inner layers of porous material.
Specifically, the inner layers of nanoparticles will not be exposed to the target gas and
remain intact. Thus, the response of the sensor diminishes. It is possible to calculate or
measure the response of a sensor as a function of temperature either by computational or
experimental methods. This trend has been shown in Fig. 13.10 for a sample of
semiconductor materials [39]. As can be observed, if the temperature is too low, the
reaction of reducing gases with the surface oxygen ions, which leads to changes in the
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resistance of the sensor, does not proceed well, and therefore the sensor response will not
be optimum. On the other hand, if the temperature is too high, the reaction rate of the
reactants with the surface oxygen ions will be extremely high and only the first few surface
layers of the sensor participate in the sensing process and the reactant will last enough for
penetrating to the inner layers. As stated previously, some part of active materials will not
be exposed to the target gas in this case. Therefore, the operating temperature has an
optimum value for any sensor. The temperatures lower or higher than this optimal value
will not yield the optimal sensor performance. This is the reason behind the trend observed
for the response value of chemical sensors as a function of temperature as illustrated in
Fig. 13.10. Given its shape, this plot is known as “volcano plot”.
13.2.3.2. The Effect of Grain Size on the Sensor Response
The adsorption of oxygen atoms in the ionic form and transfer of electrons as charge
carriers from the bulk of the material to its surface is the main responsible factor for
resistance changes in semiconductors. Accumulation of adsorbed charged species on the
surface of a metal oxide semiconductor can cause formation of an electric field on the
sensor surface. This electrostatic field can form a bending in the energy level of a
semiconductor, whereby it makes a potential barrier of 0.5-1 eV on the surface of the
metal oxide semiconductor.
The surface negative charges cause upward band bending. In response to this electrostatic
field and band bending at the potential energy level of the material, there will be a layer
with no charge carriers near the semiconductor surface. The layer that is devoid of charge
carriers is called depletion layer. Band bending at the surface of the semiconductor and
along the depletion layer has been exhibited in Fig. 13.11.

Fig. 13.11. Band bending at the surface of an n-type semiconductor and a depletion layer
in response to ionosorption of oxygen at the surface of a semiconductor material. [40]

The direction of band bending can be different in n-type and p-type semiconductors
depending on the type of charge carriers. In p-type semiconductors, where the major
charge carriers are holes, the band bending happens downward in the presence of
ionosorbed oxygen species, in contrast to the situation explained for n-type
semiconductors [40].
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The reaction of reducing targeted gases with the negative oxygen ions at the surface of an
n-type semiconductor leads to diminished band bending or its complete disappearance at
the vicinity of the surface. This, in turn, results in backflow of some charge carriers to the
depletion layer and, overall, to the semiconductor structure.
Another similar concept to depletion layer is Debye length. Debye is a length from the
surface in which the charge carriers are affected by the electrostatic field at the surface
and cannot move freely and are affected by the force exerted from the electrical field.
Debye length can be calculated by the following equations:
.

𝐿

,

(13.9)

𝐽/𝐾), ε represents the static dielectric
where k is the Boltzmann constant (1.38 10
constant which is a function of the intrinsic properties of the semiconducting material, T
denotes the operating temperature (K), q shows the electron charge (Coulomb), and nc is
the carrier concentration (m-3). The relationship between the Debye length (LD) and the
thickness of depletion layer (LS) can be expressed as Equation (13.10) [41]:
𝐿

𝐿

.

,
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where Vs shows the potential barrier formed in the surface layer of the semiconducting
material due to adsorption of oxygen ions.
As the response and the recovery of the metal oxide gas sensors are a function of the
surface reaction rate on the metal oxide surfaces, and as the surface-to-volume ratio grows
with the reduction in the size of metal oxide particles, metal oxide nanoparticles are
expected to have a high sensor response and recovery rate.
As demonstrated in Fig. 13.12 (c), when the grain size is less than twice the thickness of
the depletion layer, the whole grain gets depleted of charge carriers, dramatically
influencing the sensor resistance in the air and consequently the sensor response.
Therefore, the sensor response can be adjusted by altering the grain size of semiconductor
sensors. In the sensors with larger grain sizes, the main bottleneck will be the charge
transfer on the grain boundaries (Fig. 13.12(a)) or the necks between the particles
(Fig. 13.12(b)).
The effect of the tin oxide particle size on the sensor's gas resistance in the presence of air
and hydrogen gas is shown in Fig. 13.13. For crystals smaller than 6 nm, we observe a
sharp increase in resistance, which is approximately twice the thickness of the depletion
region. Therefore, it seems that reducing the grain size is one of the ways to improving
the sensor behavior.
Different research works have reported different values for the size of the semiconductor
sensors such that they have caused drastic changes in the sensitivity. Considering the
effect of the charge carrier concentration on the Debye length, this difference seems to be
logical. As long as the grain size is far larger than the Debye length, the effect of a
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reduction in the grain size on the sensing properties is not very sensible. It should be noted
that the grain size effect could be changed depending on the type of metal oxide and the
type of gas that affects the Debye length and depletion width.

Fig. 13.12. Schematic model of the effect of the crystallite size on the sensitivity of metal-oxide
gas sensors: (a) D>>2L (GB control); (b) D> = 2L (neck control); (c) D<2L (grain control).
Source: Rothschild et al. 2004 [42] Reproduced with permission of AIP.

Fig. 13.13. Electric resistance in dry air and at 800 ppm H2 (Rg) at 300 °C as a function
of crystallite size of pure SnO2 elements (elements sintered at 400 °C) [43]. The data points have
been extracted from literature and the picture was redrawn.
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In addition to the above-mentioned effect of grain size, increasing the surface-to-volume
ratio enhances the surface reactivity. This reactivity is further augmented considering the
higher activity of defect sites and corner sites, which can be found more frequently in
smaller particles due to their higher surface curvature. Accordingly, it can be concluded
that use of these sensors consisting of smaller nanoparticles can lead to lowered operating
temperature, while the sensitivity can be maintained without using any precious noble
metal including Pt and Pd. Definitely, grain size can be reduced up to a certain level. If
the grain size shrinks beyond a certain limit, the magnitude of free charge carriers in each
grain is minimized, thus considerably increasing the resistance of the sensor. In addition
to the difficulty of measuring such elevated sensor resistance values, the sensor resistance
will be mostly a function of the material properties and size of the particles rather than the
change in the composition of the surrounding atmosphere. This suggests that sensor
response does not change considerably as the composition of the surrounding environment
changes slightly, making the sensor non-functional. If the concentration of the charge
carriers is about 1021 cm-1, the critical length where the sensor resistance starts to become
independent of the surrounding atmosphere is calculated to be around
1 nm, based on the formulas for Debye length given earlier in this section. In addition, it
has been shown that with a sharp reduction in the grain size, both the structural and
chemical stability decline. In addition, the sensitivity of the sensor to the humidity level
in air grows, which is considered as a negative parameter in the performance of a sensor.
In other words, although the initial sensor response for a sensor with smaller size of
particles might be higher than that of the larger particles, the sensor with larger-sized
particles might outperform the one the smaller size of particles due to lower stability. As
mentioned above, it seems that the small nanoparticles can have positive and negative
sides and therefore the optimal size should be chosen with respect to the system and
operating conditions of the study of interest.
13.2.3.3. Acidity or Basicity of the Sensor Surface
The acidity of the sensor is another important issue. For example, consider the oxidation
of ethanol. Ethanol is oxidized in two ways:
𝐶 𝐻 𝑂𝐻 → 𝐶𝐻 𝐶𝐻𝑂 → 𝐶𝑂 ,

(13.11)

𝐶 𝐻 𝑂𝐻 → 𝐶 𝐻 → 𝐶𝑂

(13.12)

In the first reaction, the dehydrogenation reaction occurs, which occurs on basic catalytic
surfaces. In the second reaction, the water is removed and the dehydration reaction takes
place, which normally happens on acidic catalytic surfaces. The intermediate product of
the dehydrogenation reaction is acetaldehyde that shows a higher response to the
semiconductor sensor, resulting in a better overall sensitivity when compared to ethane.
This means that the sensitivity to ethanol will be higher if the dehydrogenation reaction
takes place on the surface of the catalyst rather than dehydration reaction. This suggests
that the sensor response will be potentially higher if the surface has properties that are
more basic rather than acidic characteristics [44].
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13.2.3.4. The Effect of Additives as a Dopant or Through Making Composite
Many choices of different substances can be considered as a suitable additive material for
improving sensor properties including adsorption capability, catalytic activity,
thermodynamic sensitivity, and stability. Different chemical compounds have been used
as additives in many studies in order to enhance sensor properties. A large body of
research has been done on composites containing two or more metal oxides, as well as in
the addition of organic materials, carbon nanotubes, graphenes, etc. [45]. For example,
butanol can be effectively converted to the butane on SnO2 surface [42]. However, this
material is relatively nonfunctional in catalyzing decomposition of butane. On the other
hand, ZnO can act as a very good and efficient catalyst for this breakdown. It can be
concluded that the binary mixture of these metal oxides can be used to first convert butanol
to the butane, and then decompose butane catalytically.
Definitely, in all cases, adding the second ingredient does not yield significant positive
effects. Adding indium oxide to ZnO cannot improve the sensitivity of the sensor to
dichloromethane, and it even reduces it further [46].
The examples of additives used to improve the performance of sensors are noble metals
(Pt, Pd, etc.) and metal oxides. Metal additives affect the sensor's properties in a rather
complex way. Generally, the addition of noble metals will reduce the sensor's operating
temperature and increase its sensitivity. To understand these enhancements, one must
consider the catalytic activity of metals (or metal oxides) and the properties of the surface
of metal oxide semiconductors [46]. The effect of additives can be analyzed from each of
these two different aspects. In order to have models which are able of defining the
structure in more simplified way, impurities are normally considered to be dispersed
homogeneously across the surface of the semiconductor material [45, 46].
13.2.3.4.1. Chemical Sensitization or Overflow Effect
The overflow effect is shown schematically in Figs. 13.14. Fig. 13.14 reveals this effect
for the adsorption of atomic hydrogen on the surface of the sensor via dissociation of
hydrogen molecules. The catalyst particles on the surface of the support are contributing
to the activation of certain molecules, such as the dissociation of oxygen [47] or hydrogen
[48]. Overflow effects can accelerate the response, resulting in reduced response time and
increased sensitivity, which has been reported in sensing applications. One frequent
example that has been observed in this regard is adding platinum (Pt) to semiconductor
bases, which facilitates the dissociative adsorption of H2 and O2. Because in this case, the
binding energy of Pt metal sites with hydrogen atoms or oxygen atoms is almost within
the same range as the energy of H-H or O-O bonds; thus, there is no major energy barrier
to separate the hydrogen or oxygen molecules. In other words, the catalyst helps to reduce
the overall activation energy required to dissociate these molecules. A subsequent
overflow phenomenon on active sensing materials would be possible after breakage of the
relatively weak bond between hydrogen or oxygen atoms and Pt active sites. The catalyst
in this model reduces the energy required for the dissociation of adsorbent molecules that
get stuck on the surface of semiconductor materials after cleavage [47]. Briefly, in this
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model, a reducing gas (such as H2) is activated through addition of active metallic sites
and activated gas species (H) overflow on the surface of the semiconductor to react with
adsorbed oxygen. The added active metal sites also facilitate the chemical reaction of the
gas with the semiconductor surface. This enhancing effect is sometimes also known as
chemical sensitization [48].

Fig. 13.14. A schematic representation of the overflow effect of hydrogen atoms
on the SnO2 surfaces modified by additives [48] Source: Yamazoe et al. 2004 [48]
Reproduced with permission of Springer Nature.

13.2.3.4.2. Electronic Sensitization
The sensor output signal is considered to be affected by the semiconductor’s electronic
properties because of contact with the catalyst. The ionosorbed oxygen species at the
catalyst surface entrap the electrons inside the bulk of the semiconductor materials. As a
result, the electron density changes in the semiconductor material and an empty layer of
electrons is formed. In addition, the bending of potential energy occurs near the surface
of semiconductor materials [47]. In this case, the additive oxide material acts as the
receptor of charge carriers that exist inside the main semiconductor materials and induces
an electron-free surface layer at the surface of metal oxide. When the surface of the sensor
comes to contact with the target gas (the reducing gas), the depleted electrons return to
the bulk of the structure. In this way, the difference between the resistance of the
semiconductor while being exposed to the air and the reducing gas grows, resulting in a
significant increase in the sensor response (Ra/Rg) to the target gas. This type of
sensitization is further enhanced by sensors modified with Ag, Pd or Cu nanoparticles.
These catalysts can enhance the depletion of the electrons from the bulk of the
semiconductor materials by adsorbing more ionosorbed oxygen on the surface of the
added catalyst. In contrast, when it is exposed to a reducing gas, the catalyst can help
accelerating the return of electrons back to the structure by enhancing the surface reaction
of the target gas with ionosorbed oxygen species [48]. Proper selection of the catalyst can
greatly influence the electronic sensitization effect and thus the sensor response [47].
Fig. 13.15 schematically demonstrate the electronic sensitivity model developed by
additives on the SnO2 surface. Fig. 13.15 indicates the depletion of a layer of the sensor
from electrons due to the increased rate of oxygen adsorption by additive nanoparticles
on the surface of the sensor. As can be observed, there is greater depletion of charge
carriers in the places where the nanoparticles have been placed. Overall, this figure reveals
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the electronic sensitization effect of the nanoparticles with enhancement of both
adsorption of oxygen ions on the surface of nanoparticles and chemical reactions on the
surface of added nanoparticles.

Fig. 13.15. A schematic figure of the electronic sensitization of hydrogen atoms reacting
with ionosorbed oxygen on the SnO2 surfaces modified by additives [48] Source: Yamazoe et al.
2004 [48] Reproduced with permission of Springer Nature.

Overall, the most important advantages of adding an additive to the main semiconductor
of interest can be summarized as follows:
- Increased sensitivity compared to bare semiconductors;
- Elevated sensitivity at lower working temperatures;
- Increased selectivity in the presence of other interfering gases;
- Improved long-term stability of the sensor;
As stated previously, the correct choice of metal or metal oxide catalyst based on the
chosen semiconductor and the application of interest can lead to enhanced
sensing properties.
13.2.3.5. Microstructure
It is a critical to choose the components of the sensor with a desired morphology and
crystallographic structure. Thus, the effect of the microstructure has been widely
investigated in the literature [45]. One way to enhancing the sensor performance is
utilizing materials with small grain sizes, as described above. Some of the research works
in the literature have already confirmed the positive effect of reduced grain size on the
sensor performance. For SnO2 nanoparticles, previous studies have demonstrated 10 times
greater sensitivity to H2 gas when their size shrinks to below 20 nm compared to the
original size of 40 nm. [45, 52] As stated earlier, for small grains with narrow necks, when
the size of the sensor particle becomes almost twice as the Debye length, the majority of
charge carriers gets depleted across almost the whole particle [41]. Despite all the
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mentioned advantages for the reduction of the particle size on the sensor response,
decreasing the particle size does not always yield a better sensor performance. For
example, the comparison of the sensing behavior of 50 nm sized SnO2 nanoparticles
obtained by gel combustion method compared to 12-3 nm SnO2 nanoparticles synthesized
hydrothermally suggests that those synthesized by gel combustion method indicated a
shorter response time and higher sensitivity. This can be attributed to the higher porosity
of the larger nanoparticles; the small size nanoparticles tend to form larger agglomerates
while the larger particles obtained by gel combustion synthesis method stay intact [49].
In addition, the reduction in the size of nanoparticles has a detrimental effect on the
stability [50], degrading the surface and catalytic properties [51].
The method of the synthesis of nanostructure materials has great importance because the
properties of gas sensors is dependent both on their composition as well as on the shape,
size distribution, and exposed crystalline facets. The exposed crystalline facets determine
the frequency and type of edge and corner sites and therefore are decisive in the sensing
performance. A former study investigated the effect of microstructures by examining three
different nanostructure materials including octahedral, truncated octahedral, and
14-faceted polyhedral ZnSnO3 microcrystals [53]. The results revealed that the material
with 14-faceted polyhedral ZnSnO3 microcrystals was better due to the presence of more
{100} facets, which has more active sites for interaction with the target gases [53].
The other effective parameter can be increasing the surface area-to-volume ratio. This can
be obtained either by decreasing the particle size or by making highly ordered structures
such as mesoporous materials [54, 55]. However, the problem is that the mesoporous
metal oxide materials are not highly stable and are prone to collapse after withdrawing the
templating agent such as surfactants [56, 57]. Therefore, use of other known stable
mesoporous materials as support and loading small active sensor nanoparticles can be a
solution. The authors evaluated the effectiveness of using SBA-15 as mesoporous support
for SnO2 nanoparticles to be used as hydrogen gas sensor. The results indicate that the
immobilization of SnO2 nanoparticles on the mesoporous SBA-15 has a positive effect on
both sensitivity and optimum operating temperature of the sensor when compared to bate
pristine SnO2. The sensor response of SnO2/SBA-15 is 40 greater more than that of
pristine SnO2 to H2 1000 ppm, [45, 60] and the operating sensing temperature is lower as
much as 100 °C. The authors attributed this enhancement in the sensing performance of
the SnO2/SBA-15 materials to the higher dispersion of SnO2 nanoparticles on such a
porous structure as SBA-15 as well as the synergy between SnO2 and SBA-15 for the
adsorption and catalytic reaction of different gases on the surface of the support and the
sensor [58]. A previous study of methane sensing by Pd/PdO nanoparticles dispersed on
alumina supports has also confirmed the contribution of the support to enhancing the
sensitivity of the sensor by providing high dispersion of Pd/PdO nanoparticles on the
support surface [59].
13.2.3.6. Chemical Composition
As stated previously, there are few decisive parameters for determining the performance
of a chemical sensor including the adsorption capacity, catalytic activity, sensitivity,
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thermodynamic stability, etc. These properties vary from one semiconductor to another;
for each of these properties, some are better than the others. This may suggest that one
can achieve better optimized properties by mixing different components and making
composite sensors. This is not even limited to only the combination of metal oxides with
each other; rather, it can also include other groups of porous materials such as carbon
nanotubes and graphenes. There are different mechanisms through which enhanced
sensitivity can be achieved. One possible way can be through catalytic contribution of the
composite materials toward oxidation of the target gas [61].
Another possible mechanism that has been suggested in the literature is through formation
of n-n or p-n heterojunction between different semiconductor components of a sensor.
Due to the electronic interaction of both materials at the interface, the resistance of the
sensor in the presence of air and the target gas may change in a way that it causes enhanced
sensitivity to the target gas. For example, when a p-n junction forms, there is a depletion
layer formed at the heterojunction which can sometimes considerably increase the sensor
resistance in the air. This concept has also been used in the implementation of core-shell
materials as chemical sensors, where sometimes the shell material can be fully depleted
of the charge carriers in the presence of air, thereby causing enhanced sensitivity of the
sensor.
Although the positive effect of composite materials as chemical sensor has been
repeatedly reported in the literature, mixing different semiconductors does not always
enhances sensing properties. Sometimes, the sensitivity of the composite material can be
lower than that of each individual component of the semiconductor. As an example, the
composite of zinc oxide and indium oxide shows less sensitivity than the individual
components do [62].

13.3. Improvement in the Performance of MOS Gas Sensors by Introduction
of a Secondary Material
The nanocomposite composition can be represented as MIO/MIIO, where MIO is the
nanocrystalline metal oxide matrix and MIIO is another nanostructured metal oxide as a
dopant distributed between the surface and the bulk of the MIO grains. It has been
established that the modification of MIO, by the introduction of MIIO, could be either
catalytic, electronic, or microstructural. Therefore, the development of nanocomposites
MIO-MIIO has been one of the most effective ways for improving sensitivity, selectivity,
and stability of metal oxide conductometric gas sensors [63].
Many nanocomposites have been used for gas sensing applications based on
semiconducting metal oxides such as SnO2, ZnO, Ga2O3, In2O3, and WO3 along with the
metal oxide modifiers including Fe2O3, La2O3, Cr2O3, Co3O4, V2O5, NiO, CuO, SiO2,
MoO3, CeO2, etc. [64-66]. The modification of the SnO2 surface by other oxides enhances
the selectivity of the materials in the detection of various gases possibly through
controlling the type and density of the acid sites as well as the oxidation properties
of the surface.
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The incorporation of a second phase to the metal oxide matrix, even in a small quantity,
has often a significant influence on the mechanism and kinetics of growth and stability of
the base oxide grain size during annealing through the properties of the grain boundaries
[67]. Therefore, it alters the final properties of metal oxide materials.
13.3.1. Approaches to the Metal Oxide-metal Oxide Composite Preparation
The nanocomposite-based gas sensors mostly can be prepared during the process of either
synthesis or deposition of the initial material. Experiments have shown that the most
effective methods for this approach include wet chemical methods such as impregnation,
sol-gel, precipitation, and hydrothermal synthesis, used for preparing powders, along with
aerosol-phase deposition related to the thin-film technology processes [1].
Composites can also be formed by incorporating a second metal oxide phase into an
already-synthesized metal oxide matrix using methods such as co-condensation, wet
impregnation, ion exchange, and covalent bonding. The second component in the gas
sensing matrix can be also introduced via formation of a thin intermediate layer using
various methods involving layer-by-layer (LbL) deposition of chosen materials. In this
case, it is difficult to obtain homogeneous distribution of the second phase along the film
thickness because of the small pore diameter. Accordingly, an additional operation is
required to achieve desirable dispersion [1].
13.3.1.1. Mixed Composite Structures
The majority of composites in recent literature are synthesized via various solution-based
processes including the sol-gel method [68, 69], co-precipitation, mechanical mixing,
microemulsion [70], precipitation [71], and hydrothermal techniques [72]. These
techniques provide more precise control of crystallite size, surface area, and stoichiometry
of the resulting powders. Some researchers believe that these methods give random
dispersions of the oxide constituents, but others have found spherical core-shell structures,
solid solutions, or presence of new phases [2].
Several other unique morphologies of mixed oxide structures have also been reported.
Non-traditional morphologies have been created through simple hydrothermal synthesis,
including ZnSnO3@SnO2 nanoflakes [73] and ZnO-Eu2O3 nanostrips [72]. These
structures are reported to exhibit improved sensing performance [2].
13.3.1.2. Bi-layer and Multi-layer Films
Well-defined 2D layers can be made through several common routes including the sol-gel
method [74] and sputtering [75], as well as by more advanced techniques such as
electrochemical deposition with periodic potential changes and pyrolysis [2].
While bulk heterocontacts have shown desirable selectivity and sensitivity characteristics,
these structures suffer from a few drawbacks in gas sensing applications. First, the analytic
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gas must diffuse a large path through the top material to reach the heterojunction interface.
Second, the contact area between two layers is low, minimizing the effective interfacial
area of the device [3]. To overcome these issues, planar thin film heterostructures have
been fabricated through chemical solution deposition (sol-gel) techniques with the ability
to manipulate the microstructures of deposited films through adjusting specific process
parameters. A high degree of porosity along the thin films allows for fast diffusion of the
analyte to the heterostructure interface. It results in increased charge mobility, and thus
faster response times.
The effect of pyrolysis temperature has been studied on preferred orientation of p-CuO
and n-ZnO. Ohyama et al. [76] found that the high pyrolysis temperature may lead to a
more random film with a low degree of crystallinity through the abrupt solvent
evaporation and thermal decomposition of the zinc acetate. On the other hand, suitable
pyrolysis temperature enhances the degree of connectivity between the ZnO and CuO,
resulting in the facilitated and faster diffusion of the analyte to the heterostructure
interface [3].
13.3.1.3. Structures Decorated with Second-phase Particles
Another class of heterostructures with various applications includes a host material
decorated with the nanoparticles of a second material. The second material mostly acts as
catalyst or sensitizer which enhances the performance [77]. Typically, the second phase
must be applied in small, discrete amounts to be most effective. A very simple method of
synthesis involves creating the base nanostructures through a hydrothermal treatment, and
then using a solution-based process to coat the resulting powders with a metal-organic
precursor, followed by a proper heat treatment [78]. More advanced processes include
combined hydrothermal templating, sputtering, and electrodeposition via the vaporliquid-solid (VLS) mechanism [79]. The final product is the secondary particles
decorating host metal oxides with different morphologies including nanoparticles,
nanowires, flower-like nanostructures, or hierarchical spheres [2].
Decorating contents, distribution, and particle size are key parameters for improving gas
response as well as response rate [70]. PdO-decorated flower-like ZnO structures were
investigated as a novel model for chemical gas sensors. The attachment of a number of
PdO nanoparticles onto the surface of nanoflower significantly improved the gas sensing
properties of ZnO by enhancing the effective oxide surface area, as well as the formation
of surface defects which may facilitate adsorption of target molecules [80]. Additionally,
these flower-like structures are composed of numerous interconnected rods with abundant
spaces among them which can ease the inward and outward gas diffusion [4]. In this
regard, noble metal nanoparticles such as Pt, Pd, Ag, and Au have also been used
successfully as second-phase particles [2].
13.3.1.4. Core-shell Structures
Core-shell structures are among the most promising types of heterostructures for gas
sensing. This morphology maximizes the interfacial area between two or more materials,
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while the amounts of material acting as a bulk are still minimized. There are several ways,
mostly relatively simple, to creating core-shell structures. The host material structure can
be synthesized by many methods including hydrothermal, thermal evaporation,
physical-vapor deposition (PVD), chemical-vapor deposition (CVD), electrospinning,
sol-gel methods, etc. [2].
The shell can be formed by different approaches. Oxide nanoparticles can be suspended
in the solution with a secondary metal oxide precursor, and subsequently dried and
calcined to form a spherical core-shell structure [61]. Alternatively, a thin layer (typically
<20 nm) could be deposited onto most or all surfaces of this structure via solution
processes such as hydrothermal, spin- or dip-coating, or advanced processes such as
sputtering [81] and atomic-layer deposition (ALD) [82]. Sputtering and ALD allow for
any desired shell thickness by controlling the deposition time, while solution-based
processes have limited control of the thickness of the outer layer. In another work, sol-gel
method has been used where after heat treatment one species tends to segregate to the
surface of the nanoparticles, forming a core-shell structure [83].
The main difference between a core-shell and a decorated structure is the degree of host
coverage by the second-phase material. Generally, the core-shell structures maximize the
MIOx-MIIOx interface. If the MIIOx-gas interface is required for the reaction, core-shell
structures may be advantageous. In the case that both MIOx-gas and MIIOx-gas interfaces
are needed, the decorated second-phase particles would be the most advantageous [2].
13.3.2. Mechanisms Responsible for Enhanced Sensing Performance
in Heterostructures
Loading of oxide additives is very useful to adjust the gas response, gas sensing kinetics,
and selectivity by manipulating the specific surface area, conductivity, and acid-base
properties of sensing materials, the catalytic promotion of the sensing reaction, variations
of the donor density, and the extension of the electron depletion layer by establishing p-n
junctions [5].
The advantage of MIO/MIIO metal oxide nanocomposites over pure nanocrystalline
oxides is associated with the redistribution of MII between the bulk and the surface of MIO
grain, depending on the redox properties of the gas phase. This is accompanied by the
formation of new adsorption sites for the target gas [1]. The solid-gas interaction in the
MIO-MIIO systems involves selective chemical reactions on the grain boundaries with the
chemisorbed molecules and lattice oxygen [6].
The modifier species also change the surface state of MIO and can also be the constituent
parts of the grains by replacing the MI in the cation sublattice [63, 84]. The chemical state
of MII cation in the nanocrystalline system may result in a dramatic change in the state of
grain boundaries which modifies the electronic properties of the material in the presence
of even trace amounts of reducing or oxidizing gas molecules in the gas phase. Low
oxidation levels of M2 cation occur in the reducing atmosphere, while higher oxidation
states develop in an oxidizing atmosphere [6]. This imparts new chemical properties to
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the sensing material, enabling specific interactions between the material and
gas molecules.
Both of the abovementioned effects occur due to the surface segregation of the doping
elements during the annealing processes [85]. According to observations, they usually act
as a crystallite growth inhibitor. The segregated MIIO crystallites restrict the growth rate
of MIO crystallites by forming a layer of fine dispersed additives on the surface of MIO,
which resists MIO diffusion. Alternatively, the phase stabilization is also possible in the
presence of some metal oxides such as SiO2 inhibiting the grain and neck growth of the
metal oxide nanoparticles. In some cases, it is observed that the second phase may also
contribute to the optimization of the necks between the grains, thereby making them
narrower and longer. An increase in dopants is usually accompanied by a significant
growth of the second phase grains and shrinkage of the grain size of the main oxide.
Further increase in the content of the second phase will cause the MIIO oxide to become
the base in gas sensitive materials [1].
The improvements in the sensing performance of the nanocomposite-based sensors are
attributed to many factors including electronic effects such as band bending due to Fermi
level equilibration [86], charge carrier separation [87], depletion layer manipulation [88],
formation of p-n junctions, and increase in the interfacial potential barrier energy;
chemical effects such as decrease in the activation energy, catalytic activity, and
synergistic surface reactions [62]; and geometrical effects such as grain refinement,
surface area enhancement, and increased gas accessibility [63, 64].
The dopants composition and distribution in the composite, the number of active forms of
chemisorbed oxygen and oxygen binding energy in the composite as well as the
nanocomposites structure are the factors that significantly influence the sensor properties.
Dopants at low concentrations only modify the surface properties including the adsorption
surface states and the catalytic activity of the base oxide regarding the energy of
adsorption and dissociation of the gas molecules, as well as redox properties. At somewhat
higher concentrations, they could contribute to the electroconductivity of the base matrix
through the formation of additional interfaces [6]. If the concentration of additives is lower
than the solubility limit, we have a single-phase material MIO-MII where the additive
affects the bulk and surface properties through incorporation into the lattice of the basic
oxide. In addition to changes in the concentration and mobility of charge carriers, some
fundamental parameters such as the band gap, the lattice constants, and the concentration
of crystal defects are subject to change. When the concentration of MII exceeds the limit
of solubility in MIO, the two-phase material MIO-MIIO is obtained. In the case where the
second phase concentration is far less than the concentration of the base oxide, it is found
finely dispersed on the surface of the base oxide grains [1].
Acid-base properties have also had a lower impact on the overall sensor response, but they
had great influence on the selectivity. However, there are experimental results which are
in contradiction with this statement.
It has been established that noble metal dopants such as Pt, Pd, Au, and Ru could raise the
adsorption activity of semiconducting oxides through considerably facilitating the
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adsorption and dissociation of reducing gases. They have also a catalytic effect by
lowering the activation energy for the reaction, thus improving molecular dissociation and
reaction rate. They may have some impact on the electrical properties and structure of the
matrix, which can also change the intrinsic chemical state on the oxide surface [64, 68].
13.3.2.1. Role of the Interface (Effects of p-n Nanojunctions in Gas Sensing)
A very common interface used to modulate gas sensing properties is the p-n junction.
When the Fermi energy (EF) of a semiconducting material is different from that of a
second material in electrical connection, the electrons at higher energies will flow across
the interface to the unoccupied lower-energy states until the Fermi energies are
equilibrated. This is equivalent to electron-hole recombination in the vicinity of a p-n
junction. This leads to a zone depleted of charge carriers at the interface called the
depletion region [2].
The nanosized p-n junction can be formed at the interface between the p-type CuO (holes
constitute the majority of charge carriers) and the n-type SnO2 (electrons are the majority
of charge carriers), as electrons tend to diffuse from SnO2 to CuO, while holes move from
CuO to SnO2 until equilibrium is established at the interface. The space charge region
associated with the p-n junction could locally narrow the conducting channel
for the charge carriers in CuO, making it more sensitive to gas molecule-induced charge
transfer [7].
In the air, the CuO and SnO2 are both covered with negatively charged oxygen ions (O-),
because of the oxygen adsorption on the metal oxides. These oxygen adsorbates draw
electrons from the metal oxides, making p-type CuO more conductive by local
accumulation of holes near the surface of the p-type CuO NW and making n-type SnO2
more resistive through lowered electron concentration. Therefore, Ra will be even higher
than the case without the heterojunction due to the depletion region at the heterojunction
interface. Thus, a greater change is made when the reducing gas is introduced [7]. At this
time, a large decline occurs in the resistance. There are two contributing mechanisms to
support this: 1) The gas reduces p-type surface by donating an electron, thereby enhancing
its resistance through hole concentration reduction; and 2) it reduces the n-type
nanoparticles by removing adsorbed oxygen, which donates an electron and lessens its
resistance. Accordingly, a stronger p-n junction is created, which could further block the
local hole transport around the junction region, which increases the p-type nanoparticles
resistance [7].
It is proposed that a discrete particle coating allows both mechanisms to occur with the
best sensing performance. When a continuous shell is created, the coating becomes the
primary conductive path, and the core does not participate in the reaction [64, 69].
13.3.2.2. Synergistic and Complimentary Catalytic Behavior (Spill-over Effect)
The investigations about the nature of surface adsorption sites may provide useful
information to justify the sensing properties of nanocomposites. In general, when two
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different constituents in a material are both in contact with the gas phase, each one serves
a different purpose which is complementary to the other. It has been reported that they
could contribute to spill-over effect or decomposition of intermediate reaction products.
The spill-over effect, which has also been observed for noble metal nanoparticles, is
described as catalyzed (catalytic) dissociation of O2 followed by spilling out the O- ions
adsorbed onto the metal oxide surface [68].
Nowadays, there is growing interest in employing noble metals as a promoter for
enhancing the performances of chemical sensors, due to the synergic interaction between
noble metals and oxide supports [4]. Noble metal nanoparticles such as Pt, Pd, Ag, and
Au have been used successfully as second-phase particles applied to host oxides and acted
as catalysts [89]. In most cases, a large growth are observed in the sensing response as
well as reduction in the optimal operating temperature, response, and recovery times in
the presence of noble metals [90]. This is mainly caused by lowered activation energy of
the reaction using the added catalysts, causing catalytic oxidation of gases at lower
temperatures. Furthermore, one of the possible sensing mechanisms to explain the role of
noble metal additives in the sensor sensitivity is chemical sensitization. This mechanism
focuses on the ability of noble metals to adsorb oxygen dissociatively and spill it over to
the semiconductor oxide. Adsorption or reduction of ionosorbed oxygen species at the
interface changes the dipole double layer and therefore modulates the flat band potential.
The presence of noble metals increases both the quantity of adsorbed oxygen and the
molecule-ion conversion rate, resulting in greater and faster degree of electron depletion
with higher response compared to pristine oxides [64, 66].
Generally, a gas molecule reacts in a specific way with one of the composite constituents
which creates a secondary product remaining adsorbed onto the surface of the other
constituent and then directly affects the sensing performance. Matsushima et al. [91]
attributed such a sensing behavior of ethanol to the influence of the acid/base properties
of sensor surface on the routes of catalytic reaction during the gas detection. It has been
shown that alcohol detection reaction undergoes either a dehydration into ethylene or
dehydrogenation reaction into acetaldehyde, when catalyzed by a metal oxide [1]. The
dehydration product, C2H4, does not increase the electron concentration in the oxide upon
reaction; therefore, it has little or no effect on the sensing properties. However, the
dehydrogenation process is more attractive because the final reaction product, CH3CHO,
yields a stronger response of semiconductor gas sensors compared to the alkene, CH2,
resulting from the dehydration process [8]. An acidic oxide surface favors dehydration
while a basic surface favors dehydrogenation. Therefore, the oxides with a more
electronegative (acidic) cation (SnO2:1.96) perform best for ethanol sensing when an
oxide with a less electronegative (basic) cation (ZnO: 1.65) is added [2].
Therefore, the addition of a second component could improve both sensor and catalytic
properties by changing the type and number of adsorption centers and activity of
chemisorbed oxygen. It has been demonstrated that elevation of Fe2O3 content reduces the
amount of surface acid sites and enhances the oxidizing capability of nanocomposites in
ethanol oxidation. The conversion of ethanol into acetaldehyde and products of total
oxidation (CO2, H2O) grows with Fe2O3 content [8].
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13.3.2.3. Manipulation of Structure (Microstructure Enhancements) (MWCNTs)
Microstructure manipulation is often claimed to improve performance. Dopant oxides may

also be used simply to control the microstructure and morphology of the material during
processing [2].
Many dopants simultaneously affect the microstructure and growth kinetics, which
involve grain size reduction and surface area enhancement [92]. A smaller grain size
allows the entire nanoparticle to lie within the depletion zone, thereby enhancing the
sensor response. An increased surface area provides more active sites for the reaction of
target gas, which enhances the response. Different research groups have suggested that
In2O3, ZnO, TiO2, and WO3 can be used to effectively limit the grain growth of SnO2 host
nanoparticles during high-temperature crystallization following solution-based synthesis
processes [2].
The surface area of CuO nanowires (NW) coated with SnO2 nanocrystals (NC) is higher
than that of the undopped NW. This leads to more adsorption sites for gaseous molecules,
which could improve the sensing performance of the NC-NW structure. However, the
CuO NW is the signal transducing channel in the NC-NW system, particularly for discrete
NCs on NWs, where the NCs still have some interaction with the NW for the adsorption
of target gaseous molecules on NCs to be sensed. CuO NW will eventually lose its direct
interaction with the gas by increased NC coverage which might form a continuous layer
of SnO2 NCs on it. As a result, only the second factor becomes effective in this case [7].
Furthermore, flowerlike structures of some oxides decorated with noble metals have been
investigated as a novel model for chemical gas sensors. The nanoflower structures
decorated with a number of PdO nanoparticles attached on the surface exhibited a highly
coarse structure with a significant enhancement of the effective oxide surface area, as well
as the formation of rampant surface defects which may facilitate adsorption of target
molecules, which is eventually beneficial for the gas sensing properties of ZnO. The
gas-sensing property of PdO-decorated ZnO samples for toluene and ethanol has been far
better than that of pristine ZnO. This may be attributed to well-aligned
hierarchical structures and the incorporation of the interface between ZnO rods and PdO
nanoparticles [4].
Furthermore, MWCNTs introduce some electronic effects and simultaneously manipulate
the structure. They are mostly metallic with a very high charge carrier concentration,
limiting their response to electron transfer-induced perturbations. Improved sensing
performance could be expected if MWCNTs are replaced with semiconducting 1D
nanomaterials [7].

13.4. Improvement in the Performance of MOS Gas Sensors
by Introduction of Silica
Prior studies have indicated that silica can be introduced in the sensing element with
various functions. The main functions reported for silica in the MOS gas sensing
application can be listed as follows:
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 A mesoporous template to form an ordered porous structure of metal oxide;
 An additive/dopant to form a doped or a composite nanostructure with modified
surface properties;
 A core material to be coated with a metal oxide layer to affect the structural stability
as well as the sensing properties;
 A physical filter over the sensing element to improve the sensing selectivity to the
target gas.
Detailed description of the abovementioned functions of SiO2 in MOS gas sensors is
discussed further.
13.4.1. Silica as a Mesoporous Template
Ordered mesoporous or macroporous semiconductor metal oxides may be considered as
one of the most promising sensing materials in the resistive gas sensor application. The
reason is that the gas sensing properties are highly influenced by the surface area and pore
structure of metal oxides. The high surface area of ordered porous metal oxides facilitates
the interaction between surface sites and gaseous species through the adsorptiondesorption as well as the surface-reaction processes, eventually resulting in better
sensitivity. In addition, the porous structure of metal oxides with well-defined large and
interconnected pores can promote the gas diffusion and consequently lead to fast
response/recovery properties. Ordered porous structures of various semiconductor metal
oxides such as ZnO, SnO2, WO3, and In2O3 have been mainly synthesized by various
methods including the conventional soft-templating method using a surfactant or block
copolymer and the hard-templating method using a pre-synthesized mesoporous material
as a structure-directing agent [93-98]. Principally, ordered mesoporous silica with
different mesostructures such as SBA-15 with cylindrical pore structure and KIT-6 with
spherical pore structure are the most common structure-directing agents. Further, ordered
mesoporous carbon and colloidal crystal such as polystyrene spheres (PS), poly methyl
methacrylate (PMMA) spheres, and silica spheres can be applied as an ordered porous
template to synthesize mesoporous or macroporous metal oxides. More recently, Zhou et
al. [99] have published a comprehensive review on the synthesis of ordered meso- and
macroporous semiconductor metal oxides.
Apart from the abovementioned advantages of the porous structures, sintering and
ripening are two main processes which can induce grain-growth densification in
semiconductor metal oxides such as SnO2. They, in turn, can significantly affect the
thermal stability of porous metal oxides. Waitz et al. [97] synthesized a mesoporous SnO2
with high thermal stability via nanocasting method and evaluated gas sensing performance
to combustible gases such as CH4. In the nanocasting method, ordered mesoporous
KIT-6 silica as the hard template was impregnated with the solution of SnCl2.2H2O,
followed by annealing at 450 °C for 2 h in the air atmosphere to prepare the ordered
mesoporous SnO2. The KIT-6 silica was then removed using NaOH solution. The results
453

Advances in Microelectronics: Reviews, Volume 2

indicated high thermal stability of the prepared mesoporous structure with no structural
loss up to about 600 °C and a small reduction of about 18 % in the specific surface area
at around 800 °C. On the other hand, a substantial loss of about 35 % or 44 % is observed
in the surface area of mesoporous SnO2 samples prepared by the conventional soft
templating method under thermal treatment up to 400 °C. This result could be related to
the sintering and ripening-induced grain growth of these samples with lower crystallinity
(see Fig. 13.16). However, as displayed in Fig. 13.16, the specific surface area of the
samples prepared by the soft-templating method was initially higher (200 m2/g) than that
of the ordered mesoporous SnO2 prepared by the hard-templating (80 m2/g). The
mesoporous SnO2 exhibited increasing responses to CH4 concentration of 4000 ppm under
a relative humidity of 50% with elevating temperature within the range of 400-600 °C.
The response time of the mesoporous SnO2 sensor to 4000 ppm CH4 was between 1-2 min
and it was also estimated to be about 1.7 s for 3 ppm CO at elevated temperatures.

Fig. 13.16. (a) The effect of thermal treatment temperature on the specific surface area
of mesoporous SnO2 synthesized by the nanocasting method (SnO2-cast), hard-templating method
(SnO2-HT) and precipitation method (SnO2-RT); (b) changes in the crystal size (line width of
(1 1 0) with reflection at 2 = 26.55°) of the mesoporous SnO2 prepared by different methods
with thermal treatment temperature [97]. The data points have been extracted from literature and
the picture was redrawn.
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Zhao et al. [98] reported the synthesis of an ordered mesoporous Pd/SnO2 by nanocasting
method and studied its sensing response to 1000 ppm hydrogen gas at various
temperatures. Mesoporous SnO2 was synthesized through the wet-impregnation method
in the presence of SnCl2.2H2O in ethanol and the hexagonal SBA-15 silica as the hard
template, followed by heating at 450 °C for 3 hours. Removal of the silica template was
performed using NaOH solution at room temperature. Palladium loaded samples were
prepared via two methods including wet-impregnation and direct synthesis in which
palladium nitrate was added along with SnCl2.2H2O to the solution. Directly synthesized
mesoporous SnO2 with 0.2 wt% Pd showed a narrow pore size distribution with a diameter
of about 3.6 nm and a high specific surface area of about 115 m2/g, which was higher than
that of pure mesoporous SnO2 (104 m2/g) and of Pd/SnO2 prepared via impregnation
method (91 m2/g). The sensing evaluations revealed higher sensitivity (151.2) and a lower
optimum sensing temperature (250 °C) of the mesoporous Pd/SnO2 synthesized via direct
method compared with the pure mesoporous SnO2 as well as Pd/SnO2 synthesized via the
impregnation method. The response of mesoporous Pd/SnO2 sensor exhibited a relatively
linear relationship with H2 concentration within the range of 500-2000 ppm with a
detection limit of 10 ppm at 250 °C. The mesoporous Pd/SnO2 sensor showed very fast
response and recovery times of about 1 s and 10 s, respectively, at 250 °C, which could
be attributed to the high porosity of Pd/SnO2 sensors synthesized via direct method. This
outstanding performance of the palladium-loaded mesoporous SnO2 may arise from the
large surface area, good dispersion of palladium on the surface of mesoporous SnO2 as
highly active sites, and the high porosity, which can facilitate and accelerate the
adsorption/desorption and surface reactions of hydrogen molecules on the
surface-active sites.
13.4.2. Surface/Grain Modification of Semiconductor Metal Oxides Using Silica
Many efforts have been directed to improve sensitivity and selectivity of semiconductor
metal oxide gas sensors by treating the metal oxide with various alkoxysilane solutions.
This can result in the surface/grain-boundary modification of the metal oxide sensing
material. Surface modification can be conducted via a liquid- or gas-based synthesis
method such as dip-coating method, dehydration-condensation reaction between surface
hydroxyl groups of metal oxide and alkoxysilane, or chemical vapor deposition method.
Further, direct addition of an alkoxysilane source during the synthesis of semiconductor
metal oxide would also be an effective procedure to control the grain growth as well as
the thermal stability of the sensing material. Hyodo et al. [100] reported the surface
modification of pure SnO2 and Pd/SnO2 with diethoxydimethylsilane (DEMS) and
evaluated hydrogen gas sensing performance of the related varistor-type sensor. The
chemical surface was modified for three times via the dehydration-condensation reaction
in toluene under reflux conditions at 110 °C for 3 h, followed by calcination at 600 °C for
1 h. It was found that treatment with DEMS leads to formation of a thin silica layer of
about 3-5 nm on SnO2 particles. It also results in the development of silica as a grainboundary phase. In addition, silica-treated SnO2 exhibit smaller particle size compared
with the pure SnO2. The presence of silica causes an increase in the potential barrier height
per grain boundary (Vgb) which may be attributed to the narrower SnO2-SnO2 necks due
to the limited neck-sticking of SnO2 particles during the thermal treatment at elevated
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temperatures. DEMS-treated Pd/SnO2 sensor also shows the highest H2 sensitivity which
may be due to the far smaller Vgb of this sensor under hydrogen atmosphere compared
with that of untreated Pd/SnO2 sensor. However, the potential barrier height in the air
finds no significant change through DEMS treatment.
To improve the sensor selectivity to H2, Tournier et al. [101] reported the formation of a
dense layer of silica on the surface of SnO2 sensor as a molecular sieve layer to hinder the
diffusion of gases with larger molecular diameters such as ethanol, methane, carbon
monoxide, and hydrogen sulphide than that of hydrogen molecules. Silica coating on the
surface of SnO2 gas sensor was performed by the CVD deposition of hexametyldisiloxane
(HMDS) followed by its decomposition at high temperatures within the range of
500-600 °C. The results revealed a drastic enhancement in the sensor selectivity to
hydrogen within the temperature range of 50-450 °C, following the HMDS treatment at
600 °C for 6 h. As shown in Fig. 13.17, the response of the treated sensor to C2H5OH, CO,
and CH4 as the interfering gases diminished considerably while the sensor response
toward hydrogen exhibited a sharp increase over the temperature range.

Fig. 13.17. The sensitivity of the SnO2 sensor treated by HMDS for 6 h at 600 °C to various
gases at 500 °C compared with that of pure SnO2 sensor [101]. The data points have been
extracted from literature and the picture was redrawn.

Moreover, hydrogen trace detection revealed that treated-SnO2 sensors with HMDS for 6
h at 500 °C and 600 °C show an improved response of 2.5 and higher than 10, respectively,
to 5 ppm H2 at 450 °C under argon atmosphere containing oxygen concentration of 5 %
and the relative humidity of 90 % (at 20 °C). However, treated SnO2 sensors exhibited
longer response and recovery times than those of pure SnO2 sensors due to the presence
of a dense layer of silica on the SnO2 sensor, negatively affecting the diffusion speed of
H2 as well as the adsorption/desorption kinetics of oxygen. O2-TPD results indicated lower
amounts of adsorbed oxygen species in the HMDS-treated SnO2 sample compared to the
untreated sample, which could prove hindered oxygen diffusion through the SiO2 dense
layer. At the higher temperature of 550 °C, hydrogen trace detection as low as 250 ppb
was also possible with the sensors treated by HMDS for 4 h at 600 °C with a shortened
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response time. Unlike the untreated SnO2 sensors, the HMDS treated sensors at 600 °C
had no response to 0-1 ppm H2S as the interfering gas at 450 °C, as shown in Eq. (13.13)
S

K 2 Pg
1

K 1  K1 PO22

,

(13.13)

where k1 and k-1 are represent the rate constant for the reaction of oxygen adsorption and
desorption respectively; k2 is the rate constant for the reaction of hydrogen with adsorbed
oxygen species; Pg and PO2 denote the partial pressure of hydrogen and oxygen
respectively. For a constant hydrogen partial pressure, decreasing the oxygen partial
pressure could cause enhanced hydrogen sensitivity. Therefore, due to the smaller steady
concentration of adsorbed oxygen in the presence of SiO2 film, the treated SnO2 sensor
showed higher sensitivity to hydrogen when compared to the pure SnO2 sensor.
To control the long-term stability of the metal oxide sensing material as one of the most
important practical factors in the sensor fabrication, particle/grain size and neck size of
the metal oxide material should be stabilized. The stabilization is usually fulfilled by
adding various dopants or additives to keep the crystal/grain size constant under thermal
treatments at high temperatures. Tricoli et al. [102] investigated ethanol sensitivity and
thermal stability of SiO2-doped SnO2 film synthesized by flame-spray-pyrolysis method.
It was found that silica doping within the range of 0-15 wt% can result in the reduction of
SnO2 crystal size from 11.8 nm to 4.4 nm as well as the reduction in the grain size from
8.7 nm to 4.1 nm. On the other hand, the specific surface area of SiO2-doped SnO2
increases sharply from 100 m2/g to 260 m2/g with silica contents ranging from 0 to
15 wt%. The results reveal a small and rather similar crystal growth for SiO2-doped SnO2
samples under annealing up to 600 °C, indicating high thermal stability of SiO2-doped
SnO2 up to 600 °C. However, annealing up to 900 °C leads to a large crystal growth,
associated with the increased mobility of the interstitial Si-atoms and their diffusion
toward the surface. The sensor response to 0.1-50 ppm EtOH shows a maximum of 43.7
for 1.4 wt% SiO2 content; however, high silica loading of about 15 wt% results in
development of an insulator. These results may clearly reveal isolation of the SnO2
crystals at high silica loading. It was confirmed that increasing the response of SiO2-doped
SnO2 sensors could not be merely due to the reduction of SnO2 crystal size. Principally, it
can be concluded that at low silica loading, inhibition of SnO2 sintering leads to the
formation of bottlenecks (small sinter necks) where the necks are stabilized at the ideal
size which is smaller than twice the Debye length. This open-neck morphology can
provide fully depleted conduction channels and drastically improve the sensitivity to
ethanol. STEM image and the corresponding EDX analyses of the sensor containing
15 wt% silica revealed that Si was mostly dominant among the SnO2 particles and only
few Si atoms penetrated interstitially in the SnO2 lattice. As displayed in Fig. 13.18, the
response of the silica-doped sensors to ethanol 10, 30, and 50 ppm enhances with
increasing the silica content and shows a maximum response of about 320 to 50 ppm of
EtOH at 320 °C for the 2.5 wt% SiO2-doped SnO2 sensor. Further, The SnO2 sensor
containing 2.5 wt% silica shows high sensitivity to 10 ppm EtOH at about 300 °C which
is about 2-10 times higher than that of pure SnO2 and about 8 times higher than that of
TGS 822 commercial sensor.
457

Advances in Microelectronics: Reviews, Volume 2

Fig. 13.18. Sensor response to the various concentrations of ethanol at different silica
loadings [102]. The data points have been extracted from literature and the picture was redrawn.

In addition to the control of the sintering/ripening induced-grain growth, modification of
metal oxide surface with silica may result in increased adsorbed water molecules at the
atmospheric pressure and temperatures below 150 °C due to the abundance of hydroxyl
groups on the silica surface [103]. In this regard, more recently, Wang et al. [104] reported
the synthesis of a silica-modified ceria gas sensor for detection of NH3 at room
temperature. The silica modified-ceria nanostructure was synthesized using a solhydrothermal method by in-situ addition of silica precursor to the acidic solution of the
ceria precursor to form a sol, followed by the hydrothermal reaction at 150 °C for
10 h in an autoclave. The results indicated that the addition of silica could effectively
prevent crystal/grain growth of ceria since the grain size of 8 % silica modified-ceria
(about 8-12 nm) is smaller than that of pure ceria (about 11-25 nm). These results are
consistent with the higher specific surface area of 8 % and 14 % silica-CeO2 nanostructure
which are 83.75 and 90.32 m2/g respectively compared with that of pure ceria which is
50.57 m2/g. Further, the blue shift of the absorption band edge is observed with the
addition of silica in 8 % silica-CeO2, which is attributed to the well-known quantum size
effect due to the smaller size of the silica-modified ceria sample. The presence of a peak
at 936 cm-1 in the FTIR spectra of 8 % silica-CeO2 sample may prove the integration of
Si4+ into the ceria surface via Ce-O-Si bond which can inhibit the grain growth of ceria.
The response of 8 % silica-CeO2 to 80 ppm of NH3 is about 3244%. In addition, the
response of 8 % silica-CeO2 to 80 ppm of NH3 is about 6.4 times and 3.5 times higher
than that of pure ceria and 14 % silica-modified ceria sensors. The gas sensing results
reveal that there is an optimum amount for silica to modify the sensor response which may
be attributed to the isolation of ceria nano grain/crystal with silica nanoparticles at high
silica contents. Additionally, the 8 % silica-CeO2 sensor exhibit a selective sensing
performance to 80 ppm of NH3 compared with various interfering gases including H2,
H2S, C2H5OH, CO, and NO2 at the same concentration of 80 ppm. More interestingly, the
silica modified ceria sensor shows an increased response to NH3 in the presence of
humidity in the air (RH from 30 to 70 %), which obviously reveals the pronounced effect
of the humidity on the NH3 sensing mechanism. Also, the recovery time could be
significantly reduced to about 3 s by increasing the recovery temperature up to 100 °C.
The stability measurements also indicated that the gas response deviation is less than 3 %
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after long-term testing for 30 days to 40 ppm of NH3. The hydroxyl group percentage of
8 % silica-CeO2 obtained from XPS data is about 51.1 % which is more than that of pure
CeO2 (24.5 %). This feature may facilitate surface reaction between some NH3 molecules
and adsorbed surface H2O and produce some ionic NH4+ and OH- species, which can affect
the electron transfer through semiconductor sensing material as well as the resistance of
the sensor via the electrolytic conductivity. Therefore, the enhanced sensing response of
the 8 % silica modified-ceria sensor to NH3 could be attributed to enhanced specific
surface area as well as the electrolytic conductivity of surface ionic species of NH4+
and OH.
Ordered mesoporous materials with a large surface area and uniform pore structure may
be able to enhance the properties of semiconducting metal oxide gas sensors through
preparing metal oxide/mesoporous material composite structures, in which the
mesoporous material such as mesoporous silica acts as a support for sensing materials. Li
et al. [105] reported mechanical mixing of SnO2 with Si-Al-MCM-41 to prepare
SnO2/Si-Al-MCM41 (SnO2/MCM-41 weight ratio of 0.7) with the specific surface area
and pore size of 592 m2/g and 24.2 Å, respectively. The prepared composite nanomaterial
exhibited improved sensing sensitivity and selectivity to 500 ppm H2 at the temperature
of 400 °C compared with the pure SnO2 sensor. To provide a homogeneous dispersion of
SnO2 on the mesoporous silica as the sensing material, Yang et al. [106] applied a
chemical mixing method to prepare SnO2/SBA-15 composite using SnCl2.2H2O and
SBA-15 in an acidic solution with the SnO2 content ranging from 35 % to 60 %. The
specific surface area and pore size of the SnO2/SBA-15 composite were 285-480 m2/g and
79-80 Å, respectively. The similar pore size of the composite and pure SBA-15 reveals
that the inorganic precursor of tin tends to be adsorbed on the external surface of the
mesoporous silica resulting in the coating of SnO2 nanoparticles on the external surface
of SBA-15, which is consistent with the microscopic results. The SnO2/SBA-15 composite
with the SnO2 content of 40 % shows the sensitivity of 1400 to 1000 ppm H2 which is
40 times higher than that of the pure SnO2. The composite sensor with 45 % SnO2 content
exhibited the response of 300 to 1000 ppm CO which is 15 times higher than that of pure
SnO2 sensor. The response and recovery time for SnO2/SBA-15 composite sensors with
40 and 45 % SnO2 are 5 min and 40 min, respectively. Interestingly, the temperature of
the maximum response to both H2 and CO shifts to a lower temperature (250 °C) than that
of the pure SnO2 sensor (around 350 °C). The SnO2 (40 %)/SBA-15 sensor exhibits
selective sensing to H2 compared with CO, which can be attributed to the more facile
diffusion of H2 molecules through SBA-15 nanopores than that of CO molecules. The
detection limit for the SnO2/SBA-15 composite sensor is about 50 ppm for CO and H2.
The results of O2-TPD measurements indicated that the surface-adsorbed oxygen atoms
are greatly enhanced in the SnO2/SBA-15 composite with SnO2 content between 40-50 %
compared with that of pure SnO2, which could be due to the interfacial interaction between
Sn and SBA-15. The interaction between Sn and the support may cause the appearance of
structural defects, resulting in the formation of some extra sites which can adsorb oxygen
dissociatively. Further, the O2-TPD reveals diminished desorption temperature for the
composite samples compared with pure SnO2. These findings prove the important role of
the adsorbed surface oxygen species on the sensing properties of the SnO2/SBA-15
composite sensors.
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Ordered mesoporous materials with the above-mentioned particular properties could also
be able to improve humidity sensing performance via affecting the adsorption of water
vapor. Yuan et al. [107] investigated the performance of the mesoporous ZnO-SiO2
composites with various Si/Zn molar ratios of 0.5-5 for humidity sensing application. The
ZnO-SiO2 composite was synthesized through a sol-gel method in which TEOS as silica
precursor was added to the acidic solution of triblock copolymer Pluronic P123 and zinc
nitrate, followed by aging and calcination to form ZnO-SiO2 composite with the
mesoporous structure of SBA-15. The mesoporous ZnO-SiO2 composites with Si/Zn mole
ratios lower than 0.5 exhibited no characteristic peak of zinc oxide; however, with
elevation of the zinc oxide content the crystalline phase of ZnO is detected in XRD
patterns. The specific surface area of the ZnO-SiO2 composites declines from 541 m2/g to
262 m2/g with raising the ZnO content. The XPS data reveals greater binding energy of
Zn 2p and Zn 3d in the composite samples compared with that of pure ZnO, suggesting
the formation of Zn-O-Si bond in the composite samples, which is consistent with the
higher electronegativity of Si (1.9) compared to that of Zn (1.65). Moreover, the
impedance changes with relative humidity (RH: 11-95 %) indicates an improved
sensitivity to humidity by the introduction of ZnO into the SBA-15 structure. The results
reveal that at high zinc oxide contents, the blockage of the silica pores with ZnO
nanoparticles might cause a lower decrease in the impedance with RH elevation. The
sensor with Si/Zn molar ratio of one exhibits more than four orders of magnitude change
in the impedance with increasing RH. The response and recovery times of the sensor with
Si/Zn molar ratio of one are about 50 s and 100 s, respectively, and the maximum humidity
hysteresis is about 2 %. Comparison with 40 wt% ZnO/SBA-15 sensor as well as the XPS
results suggests that the improved humidity sensing performance of ZnO-SiO2 composite
sensors might be due to the presence of more Si-O-Zn bond in the material structure,
causing more -OH groups to be adsorbed by the Si4+ and Zn2+ of Si-O-Zn. Therefore, the
large surface area, the ordered porous structure, and the Si-OH groups are the most
important factors affecting the conductivity and water adsorption capacity of the
ZnO-SiO2 composite sensors.
13.4.3. Metal Oxide-Coated Silica Nanostructures
Some few studies have been conducted to evaluate the coating of silica as the substrate or
core material with a layer of semiconductor metal oxide such as SnO2 and ZnO in gas
sensing applications [108, 109]. Gunji et al. [108] evaluated the sensing performance of
SiO2/SnO2 core/shell nanofibers toward H2 and CO under both dry and humid air
conditions. The SiO2/SnO2 core/shell nanofibers with a diameter of 10 nm were
synthesized via a sol-gel method using TEMPO-oxidized cellulose nanofibers (TOCN) as
the template. The TOCN was treated with APTMS and TMOS to deposit silica on the
TOCN surface. The core/shell nanofibers consisted of the amorphous SiO2 and rutile
SnO2, respectively, and exhibited a high specific surface area of 332 m2/g, a small
crystallite size of 3.2 nm, and a large pore volume compared with those of SnO2
nanoparticles synthesized via a simple precipitation method. Due to the presence of silica
as an insulator along with the large pore volume of nanofibers, the prepared sensor from
SiO2/SnO2 nanofibers revealed higher resistance by three orders of magnitude than that of
SnO2 nanoparticles. The response of SiO2/SnO2 core shell sensors to 200 ppm of H2 and
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CO exhibited a sharp increase at temperatures above 350 °C, which is opposite to the
response changes of the conventional SnO2 sensor with temperature. This reveals that the
optimum sensing temperature shifts to higher temperatures in the presence of silica. The
higher response of SiO2/SnO2 sensor compared with the conventional SnO2 sensor may
be attributed to the lager surface area as well as large pore volume of the core/shell
nanofiber sensor. The O2-TPD analysis revealed that oxygen desorption occurred at higher
temperatures for SiO2/SnO2 nanofiber sample, when compared with SnO2 nanoparticles.
This can confirm the retention of chemisorbed oxygen atoms even at the high operating
temperatures in SiO2/SnO2 nanofiber sensors, while oxygen desorption at high
temperatures of about 400 °C is mostly anticipated for SnO2 gas sensors. Further, stronger
bonding between chemisorbed oxygen atoms and Sn in SiO2/SnO2 nanofibers may have
also arisen from the O2-TPD data which can cause lower reactivity of chemisorbed oxygen
atoms with target gas including CO and H2 due to the interaction of SnO2 with SiO2. Under
humid air (RH 10-95 %), the resistance of SiO2/SnO2 nanofiber sensors showed a rapid
decline with the introduction of water vapor followed by a continuous drop with
increasing humidity. This descending trend was milder at 450 °C than at 400 °C,
indicating desorption of hydroxyl groups at higher temperatures. Moreover, the resistance
changes of SiO2/SnO2 nanofiber sensors at 400 °C exhibited a lower rate than that of
conventional SnO2 sensor, which may reveal more tolerance to hydroxyl poisoning in the
core/shell sensor. The response of the core/shell sensors toward CO and H2 under humid
conditions was also higher than that of SnO2 sensor at 400 °C and 450 °C. In addition to
the less reactivity of chemisorbed oxygen atoms on the SnO2 surface with water
molecules, the contributing role of silica in adsorbing water through hydrogen bonding or
hydroxylation may be considered as another reason for the humidity tolerance in the
SiO2/SnO2 nanofibers, which can prevent hydroxyl poisoning of SnO2 surface. This
explanation was proved by H2O-TPD results indicating a broad signal relating to the
water/hydroxyl desorption at SiO2 as well as two desorption peaks at 100 °C and 400 °C
attributed to SnO2. Therefore, it could be interpreted that the presence of exposed silica
with the high content of about 43 wt% in the SiO2/SnO2 nanofibers can affect the surface
reactions with water and cause the humidity tolerance of the sensor. Although high
sensing temperature and high sensor resistance are unfavorable features in the gas sensing
application, the unexpected humidity tolerance of the SiO2/SnO2 nanofiber sensor would
be highly preferable in practical uses.
Liu et al. [109] applied the silica submicron pillars as a substrate for zinc oxide (ZnO) gas
sensor to detect ethanol with the concentration of 1520 ppm. The response of the prepared
sensor was about 28.2 at 300 °C with the response and recovery times of 51 s and 92 s,
respectively. The ZnO/silica pillar sensor exhibited higher response and shorter
response/recovery times than those of planar gas sensor, which was attributed to the larger
surface area of pillar-type compared to the planar-type substrate. Cesium chloride (CsCl)
self-assembly lithography and inductively coupled plasma dry etching were applied to
prepare silicon pillars as the substrate, with the ZnO film deposited on the substrate by RF
magnetron sputtering. Use of silica pillars as the substrate can effectively eliminate the
effect of temperature on the resistance of silicon material on the gas sensor response.
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13.5. Effect of Silica Addition on Pt/SnO2 Based CO Gas Sensor
Performance
The following section has been adapted from part of our previous experimental work in
the literature, which is reproduced with the permission from Elsevier [170]. In this study,
the effects of dopants and annealing temperature on the long-term stability of SnO2-based
gas sensors to CO detection were investigated for Pt/SnO2 nanoparticles doped with SiO2,
MoO3, CeO2 and Sm2O3. The sensing materials including pure SnO2 and SnO2 doped with
5.0 and 10.0 wt% of nanoadditives were synthesized by a sol-gel method, then they were
impregnated with 1.0 wt% platinum. Accelerated stability tests were performed by
exposing the fresh powders and the fabricated sensors to air with 30 % relative humidity
at 600 ◦C for 15 days. Gas sensing measurements to 100 ppm CO at 250 ◦C, were carried
out on the fabricated sensors on the 5th, 9th, 12th and 15th days in addition to the fresh point.
Addition of SiO2 with 5.0 and 10.0 wt%, stabilized the performance of Pt/SnO2 sensor,
which occurred on 12th and 8th days of the test, respectively. It is concluded that this
behavior mainly arisen from achievement of equilibrium, which became accelerated with
an increase in the content of SiO2.
13.5.1. Experimental
The sensing materials in this study, i.e. pure and doped SnO2, were synthesized using a
sol-gel method, in which SnCl4 was dissolved in isopropyl alcohol to obtain a 0.1 M
solution. 5.0 and 10.0 wt% MoO3, CeO2, Sm2O3 and SiO2 were doped by utilizing
Mo7(NH4)6O24ꞏ4H2O, Ce(NO3)3, Sm(NO3)3, C8H20O4Si (TEOS), respectively, as
precursors. The required pH (7) of the final solution was adjusted by controlling addition
of liquid ammonia solution. After aging of the samples at room temperature for 24 h, the
as synthesized powders were dried at 100 °C and subsequently calcined in air for 4 h at
two different temperatures, i.e. 700 and 850 °C. The obtained pure and doped SnO2
samples were then impregnated with the required amount of an aqueous solution of
hexachloroplatinic acid to attain 1.0 wt% Pt samples. A paste of the sample was applied
onto an alumina substrate with the previously deposited two gold contacts with 1 mm
spacing and annealed at 600 °C for 2 h. The gas sensors were fabricated in thick films,
about 40 m thickness, and sintered at 700 °C for 2 h.
The SnO2 nanoparticles prepared with different dopants and concentrations at different
calcination temperatures, are denoted as d-c-T in which d is the type of dopant, c refers to
the concentration of dopant and T indicates calcinations temperature, respectively.
In order to investigate the long-term stability, the fabricated sensors and powder of the
sensing materials were exposed to zero air with the flow rate of 30-40 cc/min and about
30 % RH (based on room temperature) at 600 °C for maximum of 15 days. The sensing
materials before and after the exploitation period are denoted as “fresh sample” and “aged
sample”, respectively. The gas sensing measurements were carried out on fresh sensors
and the sensors exposed to the mentioned conditions for 5, 9, 12 and 15 days. These
measurements were done to 100 ppm CO at 250 °C, i.e. the optimum operating
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temperature for all the sensing materials. The 5th day is considered as zero point which
means that the measured response at this point is the reference of time stability.
All the stability experiments were carried out using a Thermolyne 21100 tubular furnace,
which was equipped with air flow inlet and outlet. The inlet air with the flow rate of
30-40 cc/min at room temperature passed through the water bubbler immersed in a water
chamber at room temperature. The length of the bubbler was long enough to ensure the
desired humidity, confirmed by a humidity sensor.
13.5.2. Results
13.5.2.1. Structural Stability
The sensing materials were characterized by XRD and BET specific surface area prior
and after the stability tests in order to monitor the morphological and structural changes
and follow the stability performance. The results of characterizations are summarized in
Table 13.1.
Table 13.1. BET specific surface area, dBET and dXRD of fresh and aged samples
(before and after the stability tests in humid air at 600 °C).

An increase in the calcination temperature did not significantly change the BET surface
area of Pt/SnO2 compared to SnO2, suggesting that the presence of platinum could
remarkably stabilize the SnO2 crystallites [110]. Pt addition to SnO2 and also calcining
the sample at higher temperature, i.e. 850 °C rather than 700 °C, result in a lower
crystallite growth of tin oxide in the course of stability test and improved the structural
stability of SnO2.
Furthermore, considering the surface area reduction for Pt/SnO2 and SnO2 samples during
the stability tests, i.e. 8 % and 32 % respectively, it could be concluded that the presence
of Pt improved the structural stability of SnO2 structure and the rise in calcination
463

Advances in Microelectronics: Reviews, Volume 2

temperature intensified this effect of platinum. The decline of Pt/SnO2 surface area as a
consequence of stability tests may be ascribed to the growth of both Pt and SnO2
particles [111, 112].
It is believed that SiO2 significantly enhances the structural stability of SnO2 particles
[102, 113]. The fine particles obtained through addition of SiO2 up to 10.0 wt% were
stable to a large extent, which is confirmed by the surface reduction of about 1.5 to 5 times
less than Pt/SnO2 in addition to the negligible changes in XRD patterns upon the stability
tests. The grain growth of 5-Si-700 and 10-Si-700 during the stability tests, were about
5.4 % and 18.8 %, respectively, suggesting that the smaller particles sinter faster.
Additionally, an increase in the calcination temperature, improved stability of the
microstructure of all samples containing SiO2.
According to Table 13.1, the presence of MoO3, CeO2 greatly enhanced the structural
stability of Pt/SnO2. However, increasing the concentration of MoO3 to 10.0 wt% led to
finer nanoparticles and larger crystallite growth during the accelerated stability tests,
justifying that smaller grains grow faster and are sintered more severely [114]. In the case
of ceria, it may be attributed firstly to the strong Pt/CeO2-support interaction, leading to
the more firmly dispersed platinum particles on the surface and sintering suppression.
Growth inhibiting effect of samaria may be attributed to its preventive role in the neck
growth and particle agglomeration [31]. The samples exhibited the largest amount of
crystallite growth during the stability tests. Therefore, Sm2O3 was not as effective as other
dopants in preventing the growth of SnO2 crystallites during the stability tests.
13.5.2.2. Response and Stability of Gas Sensors
The most common sensing mechanism suggested for Pt/SnO2 sensing, focuses on the
ability of Pt to adsorb oxygen dissociately and spill it over to the semiconductor
oxide [115].
Table 13.2 presents the response (Ra/Rg) of all the fabricated sensors to 100 ppm CO at
250 °C, measured for the fresh sensors and also on the 5th, 8th, 12th and 15th days of stability
tests. Since the major part of sensitivity drifts during the 15 days of stability tests are
observed within the first 5 days, the 5th day is considered as the reference point of
investigation.
It is widely accepted that response of the sensors declines over the time and their resistance
increase as a consequence of exposure to surrounding atmosphere and ambient conditions
such as humidity and temperature [116]. In this work, the effects of these parameters are
accelerated under the condition of stability tests.
Silica addition drastically improved the response of Pt/SnO2 at the concentration of
10.0 wt%, in contrast with CeO2 and MoO3. This enhancement is mostly attributed to the
incorporated fine silica particles, which mainly deposits on the necks of SnO2 grains, and
consequently decreases the neck size of the SnO2-SiO2 and increases the height of
Schottky barrier [113].
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Table 13.2. Response ((Ra/Rg) ± 3 %) of fabricated sensors to 100 ppm CO during
the stability test.

MoO3 and CeO2 addition up to 10.0 wt% significantly reduced Pt/SnO2 response to CO,
despite the surface area increase. The presence of Mo(V) makes the sensing reaction
difficult because firstly, the excess amount of Mo(V) on the surface of SnO2 prevents the
oxygen reactivity and the formation of active species of O−, and secondly, the oxygen
bonding energy with lattice in SnO2-MoO3 is higher than the one in pure SnO2 which
prevents the adsorption of target gases [117].
Since the rare earth metal oxides such as Sm2O3 act as an electron acceptor to SnO2, they
promote oxygen adsorption. Additionally, they are mostly situated on the surface of SnO2,
therefore, prevent the direct contact of SnO2 nanoparticles with the target gas to some
extent. Consequently, the height of Schottky barrier at the Pt/SnO2 grain boundaries and
the response increase as a result of Sm2O3 presence [118].
Response reduction of the SnO2 sensor continued steadily to the end of the period of
stability test while the reduction trend slowed down from zero point to final point in the
case of Pt/SnO2 sensors. It could be concluded that the response decline for pure tin oxide
is suppressed in presence of platinum during the last 10 days of stability test, attributing
to the influence of Pt on thermal stability and the achievement of adsorption/desorption
equilibrium between oxygen vacancies of SnO2 and the ambient oxygen [119]. An
increase in calcination temperature had an improving effect on the stability of sensors.
Generally, the grain size and dispersion of the noble metals, grain size of the SnO2
crystallites and the concentration of surface hydroxyl groups are the factors that affect the
response and stability of gas sensors. The observed large changes in conductivity of
Pt/SnO2 is mainly attributed to the movement of oxygen vacancies into or out of the lattice
[120]. Therefore, it may be concluded that the instability of pure SnO2 can be induced by
thermal instability and severe structural changes, while the response drifts observed in the
case of Pt/SnO2 can be also related to platinum particles growth and reduction in its
dispersion as a result of experimental conditions. Thus, stabilizing the size of noble metal
particles is important in order to achieve stability in the gas sensors [119].
465

Advances in Microelectronics: Reviews, Volume 2

Presence of MoO3 and CeO2 in both concentrations (5.0 and 10.0 wt%) and calcination
temperatures (700 and 850 °C) stabilized the performance of Pt/SnO2 gas sensors
observed following the 5th day of the stability tests. It is suggested that the major part of
structural changes takes place during the first 5 days of the stability tests, however all the
doped samples with both of these dopants showed an excellent structural stability. It
should be noted that the incorporation of Sm2O3 into SnO2 lattice did not improve the
Pt/SnO2 stability. Increasing the calcination temperature and samaria concentration only
reduced the response drifts during the stability tests, which mainly occurred by the zero
point, but did not lead to stabilizing the performance of Pt/SnO2.
Stability in the performance of Pt/SnO2 gas sensors doped with 5.0 and 10.0 wt% silica
was observed since the 8th and 12th days of the stability test, respectively. This means that
beside the stabilizing effect of SiO2 on the performance of Pt/SnO2, an increase inSiO2
concentration resulted in accelerating the advent of stability. According to the results, the
stabilizing effect of silica appeared later than those of CeO2 and MoO3. This significant
difference may be ascribed to the weaker interaction between SiO2 and Pt, which is
required for stabilizing the Pt particles, as the most determinant parameter in the stability
in sensing performance of the gas sensors [120]. The amount of response reduction during
the accelerated stability tests for 5-Si-700 and 5-Si-850 was approximately equal to
56 and 76 %, respectively, while this values for 10-Si-700 and 10-Si850 were respectively,
71.8 and 91 %. Thus, an increase in calcination temperature and in concentration of silica
are found to increase the response drift over the stability tests, respectively due to
weakening of the Pt-SiO2 interaction in the case of agglomerated particles and easier
sintering in the case of fine particles. Furthermore, as was mentioned earlier, the most
intense part of the response decline belongs to the first 5 days of stability tests. For
instance, the amount of response reduction of 5-Si-700 at zero point was 50 %, while for
the rest of the test it reached to just 14 %.
13.5.2.3. The Role of Dopants in the Stability of Gas Sensors
The key role of additives to influence the stability of Pt/SnO2-based sensors could arise
from their effects on different aspects such as structural stability, stabilizing the Pt-SnO2
interactions and stabilizing the concentration of the defects, in addition to electronic
effects [121]. The effectiveness of additives in stabilizing the performance of sensors
depends greatly on their dispersion and the way they are present in the SnO2 lattice,
whether in the form of a separate phase or solid solution.
The microstructure of SnO2 could be stabilized by an addition of a small amount of various
metal oxides such as SiO2, MoO3 and CeO2, through providing a barrier for surface
diffusion, separation of SnO2 grains by growth inhibition of neck size between the grains
[122] and thus, preventing crystal growth or agglomeration of SnO2 particles during
calcination even at high temperatures [123]. This structural stability caused by the
mentioned dopants in the case of Pt/SnO2 samples could also be attributed to the
interactions which stabilize the Pt particles on SnO2 grains [122].
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Sm2O3 was not as effective as the other dopants in improving the thermal stability of SnO2
crystallites size during the stability tests. Additionally, the less particle growth of the
sensors doped with MoO3 compared to the ones doped with CeO2 did not lead to lower
response reduction between the fresh and zero point, the point which they all became
stable. However, the crystallite growth in the case of sensors doped with MoO3 was
remarkably more than the ones containing different concentrations of CeO2. These
inconsistent results about the particle growth over the period of stability tests with regard
to the response decline and stability of various samples, especially in the case of instable
sensors doped with samaria, guide us to propose that crystallites stability plays a more
effective role on stabilizing the performance of sensors or these results are induced by
some other stabilizing parameters except thermal stability.
Since the average particle size of the fabricated sensors is far larger than the depth of
depletion layer, thus their resistance and the response mostly depend on the height of
potential barrier rather than the SnO2 particles size. Consequently, this rules out the SnO2
grain growth as a main cause of the long term drift in these sensors [41]. However, it
should be considered that sintering of the particles is mostly accompanied with other
microstructural changes such as concentration of the lattice defects which affects the
electrical properties [116]. Thus, importance of the structural stability is due to
dependency of both response and electrical properties on the particle size.
It can be concluded that restriction of the platinum particle growth could play more
dominant role in controlling the response and stability. Thus, it seems that the interactions
between the dopant and the Pt particles, which stabilize the Pt particles on the SnO2 grains,
play a more significant role in stabilizing the performance of the gas sensors and it may
be concluded that these 5 days have a remarkable effect on stabilization of the structural
properties of metal oxides and also on stabilization of Pt location.
It was observed that the resistance of the all fabricated sensors deviate from its initial
values following the stability tests. The amount of resistance increment varied for sensing
material doped with different metal oxides, indicating that different metal oxides can
restrict the increase of resistance to different extents. For instance, the rather higher
stability of Pt/SnO2 sensor compared to the pure SnO2 can be related to reaching
adsorption/desorption equilibrium faster and suppressing the resistance increase until the
end of the period. It can be concluded that some dopants accelerate the rate of resistance
increase during the exploitation period to air and the equilibrium condition is achieved
more quickly, so they provide the condition to cease the change in the conductance before
the final point, even at the zero point in some cases.
The sensors doped with CeO2 and MoO3 attained the stability in a shorter period compared
to the sensors doped with SiO2, due to the quicker achievement of equilibrium.
Furthermore, an increase in the content of SiO2 accelerated the advent of stability.
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13.6. Effect of Silica in the SnO2 Decorated Silica Sensors on EtOH
and Acetone Sensing Performance
The following section has been adapted from part of our previous experimental work in
the literature, which is reproduced with the permission from Elsevier [184]. In this study,
SnO2 decorated SiO2 nanoparticles with different Sn/Si ratios were synthesized by microemulsion followed by ultrasonic-assisted deposition-precipitation method. The sensing
behaviour of these sensors to ethanol and acetone were evaluated and compared to those
of pure tin oxide. The ability of the most active sensor for low-temperature detection of
acetone was then examined to check the potential of this sensor for being used in
fabrication of diabetes mellitus detectors.
13.6.1. Experimental
13.6.1.1. Synthesis of Sensing Materials and Preparation of Gas Sensors
SiO2 nanoparticles were synthesized by microemulsion method. Cyclohexane as solvent,
Triton X-100 as a nonionic surfactant and 1-hexanol as cosurfactant were used to form
microemulsion. Firstly, 9.15 ml of Triton X-100 is added to 50 ml of cyclohexane. Then
3 ml of 1-hexanol is added to the solution and is vigorously stirred under 700 rpm to obtain
transparent solution. 3.2 ml of 25 % aqueous solution of ammonia is then added to the
solution. The solution retains its transparency showing formation of the microemulsion.
These microemulsions can be used as nano reactors for synthesis of nanoparticles. After
that, 6.4 ml of tetra ethyl ortho-silicate (TEOS) is added to the microemulsion and is
stirred overnight. After one day, the synthesized material is centrifuged and washed with
ethanol 3 times. It is then washed with water several times until its pH reaches to the pH
of pure water. The washed material is kept under 80 °C in oven until is dried.
5 samples of SnO2/SiO2 decorated nanoparticles with different Sn/Si namely molar ratios
of 0.2, 0.6, 2, 8 and 25, denoted as 32 wt% SnO2/SiO2, 55 wt% SnO2/SiO2, 80 wt%
SnO2/SiO2, 93 wt% SnO2/SiO2 and 97 wt% SnO2/SiO2, respectively, were synthesized by
ultrasonic-assisted deposition-precipitation method. Firstly, 0.05 gr of dried SiO2
nanoparticles is added to 100 ml of water and is stirred under ultrasonic condition for
30 minutes until silica nanoparticles is dispersed in the solution. Then twice of
stoichiometric ratio of urea which is needed for hydrolysis of the tin precursor is added to
the solution. Temperature of the solution is then raised to 75 °C and appropriate amount
of 0.1 M tin chloride solution is added drop wise to the solution. After the tin chloride
solution is completely added to the solution, it is kept one h more under sonication until
hydrolysis of the tin precursor takes place. Finally, the solution is centrifuged and the
synthesized material is washed several times with water and is dried in the oven at 80 °C
and calcined at 500 °C for 2 h.
To prepare the chemical gas sensors, a 16×6 mm alumina flat substrate is firstly coated
with gold and then scratched in such a way that a 0.5×6 mm trench is formed at the middle
of substrate. Then the prepared thick pastes of each synthesized sample, described above,
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were printed on the trench. Then, the Au electrodes at both sides of the painted paste were
connected to an electrical circuit using gold wires. This way, the electrical resistance of
the sensor in the circuit can be easily measured.
13.6.1.2. Characterization
Crystalline structure of the samples was identified by X-ray powder diffraction (XRD),
using Holland Philips Xpert diffractometer (CuKα = 1.54 Å). The samples morphologies
were determined, using a field emission scanning electron microscopy (FESEM; ZEISS
Sigma VP). Elemental analysis of the samples was determined by an Energy Dispersive
Spectroscopy (EDS) microanalysis detector (EDS, Carl Zeiss, Sigma). Microstructure and
composition of all the samples were observed by transmission electron microscopy
(TEM; JEOL Ltd., JEM2010)
13.6.1.3. Gas Sensing Measurements
The gas sensing experiments were performed using an electrical circuit interface
connected to the sensor by Au wires. An automatic flow system was used to measure the
response of the sensors to different gases at various temperatures.
The sensitivity of the sensors was evaluated by measuring sensors’ responses to different
gases. There are two most popular ways for expressing sensor response [124]:
S
S

Ra

Ra

,

(13.14)

 1,

(13.15)

Rg

Rg

where Ra is the sensor resistance under exposure of air and Rg is the sensor resistance when
the sensor is exposed to the target gas.
Herein, the second definition for the sensor response is chosen, because it is based on zero
for non-sensitive materials to a target gas and therefore gives better sense about the
response to a target gas. Therefore, the sensor response is expressed as the ratio of the
electrical resistance in air (Ra) to that in the target gas (Rg) minus 1 in this work
(i.e. Eq. (13.15).
The sensitivity of the synthesized materials to the different gases has been measured in
the temperature range of 170 to 420 oC. Each experiment was tried to be repeated 5 times
to investigate the reproducibility of the sensors; the mean value is reported as the result.
The errors for the reported results are also shown by using error bars, indicating the range
of errors occurred in the experiments.
The response time of the sensor is defined as the required time for the sensor to reach to
80 % of the difference of the resistance in the air and the resistance in the gas. The recovery
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time of the sensor is also defined as the time which is required for the resistance of the
sensor to compensate 80 % of the difference in the resistance, which had been came into
existence due to injection of the reducing gas.
The effect of humidity in the background air is also evaluated in this work. For this
purpose, a measured flow of dry air was passed through a water bubbler, which is located
in a water bath. The temperature of the connecting tube between the water bubbler and
entrance of the reactor is kept 37 oC using P&ID controller, to simulate the condition of
human breath and also to prevent condensation of water vapor before entering to the
sensor holder. As the exhaled human breath contains about 85 % humidity, the same
condition was employed to the inlet air to the sensor holder. The temperature of bubbler
is adjusted so as we can get the 85 % desired humidity at the inlet of the reactor. This way
the air is reached to the desired humidity after mixing with the target gas and then the
mixture will enter to the sensor holder.
13.6.2. Results and Discussion
13.6.2.1. Characterization Results
All of the synthesized SnO2/SiO2 decorated sensors were characterized by EDX analysis;
the results are presented in Table 13.3. This table shows relation of the namely weight
percentage of tin oxide in the samples based on the amount of precursors used for the
components and its experimental content in the synthesized material which has been
obtained by EDX analysis. The samples were named based on the experimental tin oxide
content obtained by EDX analysis.
Table 13.3. The nominal and measured compositions of synthesized decorated samples.
Name of the
sample
32 wt% SnO2/SiO2
55 wt% SnO2/SiO2
80 wt% SnO2/SiO2
93 wt% SnO2/SiO2
97 wt% SnO2/SiO2

Sn/Si nominal
molar ratio
0.2
0.6
2
8
25

Nominal SnO2
content (wt%)
33.4
60.1
83.4
95.3
98.4

Measured SnO2
content (wt%)
32.4
54.8
79.6
93.4
97.3

Fig. 13.19 shows XRD patterns of all synthesized sample. The hump like shape at 2θ
angles between 10 and 30 ̊ in the xrd pattern of silica particles confirms the presence of
amorphous silica in the sample. The crystalline characteristic peaks of SnO2 tetragonal
phase (a = 4.738 b = 4.738 c = 3.188) with cassiterite structure from JCPDS file No.
00-021-1250 are shown in Fig. 13.19. As it can be seen in this figure, good correspondence
between the obtained characteristic peaks and the standard characteristic peaks of SnO2
can be observed, indicating the presence of crystalline SnO2 in the bulk of the samples.
The interesting point which can be observed is the gradual increase in the half width
maximum of the peaks up to the sample with 80 % of SnO2 and again the decrease in the
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crystalline peaks afterwise. Therefore, the 80 wt% SnO2/SiO2 has the broadest crystalline
peak among different samples.
The FESEM images of the bare silica sample along with the images of the decorated
samples are presented in Fig. 13.20 (a-c). The size distribution of the synthesized samples
has been also shown in the insets of the figures. As is seen in Fig. 13.20(a), the silica
particles have almost uniform sizes and shapes. The uniform size and shape of the silica
particles is due to the synthesis method. The micro emulsion method is believed to
synthesize particles with almost similar size and shape [125, 126]. According to the inset
of Fig. 13.20(a), silica particles have a narrow size distribution with the mean size of
around 100 nm.
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Fig. 13.19. The XRD pattern for: (a) Pure silica particles (b) 32 wt% SnO2/SiO2 and (c) 55 wt%
SnO2/SiO2 (d) 80 wt% SnO2/SiO2 (e) 93 wt% SnO2/SiO2 (f) 97 wt% SnO2/SiO2
(g) Pure SnO2 nanoparticles.

Fig. 13.20(b) shows the image of 55 wt% SnO2/SiO2 decorated sample. As is evident, the
particles have two different size distributions, i.e. a bimodal trend. The mean size of the
smaller nanoparticles is around 30 nm and that for the larger ones is around 120 nm. By
comparing Figs. 13.20(a) and (b), it seems that the smaller particles that are only present
in Fig. 13.20(b) are not silica particles. It appears that they are particles formed as a result
of aggregation of very small tin oxide nanoparticles formed in the process of deposition
precipitation of tin precursor.
The larger group of particles consists of the small tin oxide particles attached to some
large silica particles, similar to those observed in Fig. 13.20 (a). It seems that these
particles are probably formed by heteronucleation of small tin oxide nanoparticles on the
surface of large silica particles. Later on, we will more elaborate on this. An important
point, which may be inferred from Fig. 13.20 (b) is that the percentage of the smaller
particles, observed in Fig. 13.20 (b), is much lower than that of the larger particles. This
indicates that the numbers of silica particles decorated by tin oxide nanoparticles are
higher than the aggregates of tin oxide. Therefore, it may be concluded that for 55 wt%
471

Advances in Microelectronics: Reviews, Volume 2

SnO2/SiO2 the number of tin oxide nano particles formed as hetero nucleation of tin oxide
on the silica surface are larger than those as homonucleation which are then formed as
aggregates of tin oxide. This is a likely consequence, for although the volume of the bulk
of the solution is very high compared to the surface of silica particles that is a suitable
medium for homonucleation of tin precursor, the energy barrier for heteronucleation of
tin precursor is lower. This has been previously reported in the literature that the tendency
for heteronucleation of the precursors on the solid surfaces is higher than homonucleation
of the precursors in the solution [127, 128].

Fig. 13.20. The FESEM images of: (a) bare silica particles; (b) 55 wt% SnO2/SiO2 sample;
(c) 80 wt% SnO2/SiO2 sample.

Fig. 13.20(c) demonstrates FESEM image of the 80 wt% SnO2/SiO2 decorated sample.
Similar to the image of the 55 wt% SnO2/SiO2 sample, two different size distribution are
observed for this sample; one as small aggregates of tin oxide synthesized by
homonucleation of tin oxide and the other as larger silica particles decorated with tin
oxide. The mean sizes of these two groups of particles are 30 and 110 nm, respectively.
Higher percentage of the small aggregated tin oxide nanoparticles seen in the Fig. 13.20(c)
relative to Fig. 13.20 (b) is the evidence of higher rate of homonucleation of tin oxide in
80 wt% SnO2/SiO2 decorated sample relative to 55 wt% SnO2/SiO2 decorated sample. It
is an expected result, for the rate of homonucleation of metal oxides is expected to elevate
as the amount and concentration of tin precursor in the sample increases [129]. For the
samples with higher SnO2 content, larger amount of tin precursor is needed to been added
472

Chapter 13. Fabrication and Characterization of Silica/Metal Oxide Semiconductor Nanostructures to
Improve Gas Sensing Performance

dropwise to the solution, leading to the higher homonucleation rate of tin oxide
nanoparticles in the solution.
Fig. 13.21(a, b) shows the bright field TEM images of the 55 wt% SnO2/SiO2 sample. The
inset of Fig. 13.21(a) depicts the size distribution of the individual particles, i.e.
non-aggregated particles. The mean diameters for two groups of particles with different
sizes are about 15 and 100 nm, respectively. The darker spots are those of tin oxide
particles with higher atomic number and the brighter ones are related to the silica with
lower atomic number. The mean sizes calculated from Fig. 13.21(a), are smaller than their
corresponding mean sizes calculated by SEM image, i.e. Fig. 13.21. This difference is due
to the fact that SEM sees the agglomerates of small particles which are resolved by TEM.
In other words, in TEM one can distinguish between distinct particles. Therefore, 15 nm
which is the mean size of the smaller groups of nanoparticles is the size of very small
distinct particle formed in the solution and 100 nm, i.e. the mean size of larger and brighter
particles, is the mean size of the bare silica particles, in agreement with the mean size
calculated from Fig. 13.21 (a). This confirms that the larger particles observed in
Fig. 13.20 (b) consist of small tin oxide nanoparticles attached to silica particles having a
mean size of about the 100 nm.

Fig. 13.21. Bright field TEM images for: (a, b) 55 wt% SnO2/SiO2 sensor (c, d) 80 wt%
SnO2/SiO2 sensor.

Fig. 13.21(c, d) present the bright field TEM images for 80 wt% SnO2/SiO2 and the inset
of the Fig. 13.21(c) shows the size distribution of particles. Similar to the image of the
55 wt% SnO2/SiO2 sample, two groups of particles with different size distributions, which
in turn have different average sizes, i.e. 15 and 100 nm, may be distinguished. These
average sizes belong to the smallest distinct tin oxide and silica particles. The explanation
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for the images of 80 wt% SnO2/SiO2 is quite similar to that of 55 wt% SnO2/SiO2 sample.
However, an obvious difference exists between the two samples; the density of the smaller
particles, i.e. tin oxide particles, is higher in 80 wt% SnO2/SiO2 sample which is due to
the higher content of tin oxide in this sample.
13.6.2.2. Gas Sensing Properties
13.6.2.2.1. Resistance of the Sensors
The electrical resistance of the synthesized samples in dry air versus temperature is
presented in Fig. 13.22. As it is expected, the resistance for all the samples decreases as
the temperature increases. However, at each temperature the resistance of the decorated
samples increases as the tin oxide content decrease in the samples. For instance, the
resistances of 93 wt% SnO2/SiO2, 97 wt% SnO2/SiO2 and pure SnO2 don’t differ much
with each other. On the other hand, when the silica content increases to the levels that
become comparable with tin oxide, the resistances increase sharply. This is because of the
fact that, when the silica content increases in a sensor, the amount of interconnected
insulator silica particles between conductive tin oxide nanoparticles increases in such a
way that it inhibits rapid transmission of charge carriers in the material and thus, the
resistance increases noticeably. Therefore, the 32 wt% SnO2/SiO2 sample has the highest
electrical resistance among the samples. In addition, it should be mentioned that the
resistance of 32 wt% SnO2/SiO2 was not possible to be measured at 170 oC, for its
resistance was such high that it couldn’t be measured with the present resistance
measurement system.
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Fig. 13.22. Measured resistance of the sensors at different temperatures.

13.6.2.2.2. Sensitivity Analysis to Ethanol and Acetone
Fig. 13.23(a) shows the sensor response of the fabricated sensors to 300 ppm ethanol as
target gas. The expected volcano-shaped trends for the sensor response of all the sensors
to ethanol versus temperature are observed. This type of trend has been reported in the
literature [48]. Oxidation of ethanol on the surface sites of metal oxides takes place
according to the following reaction [130]:
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C2 H 5OH (ads)  6O (ads)  2CO2  3H 2O  6e

(13.16)

The measured response of the all decorated samples except 32 wt% SnO2/SiO2 toward
ethanol gas is higher than that of pure SnO2. 32 wt% SnO2/SiO2 sample shows negligible
response to ethanol which could be hardly detected. The maximum response of pure SnO2
to ethanol is 98.1 that occur at 320 °C. This is much lower than the maximum responses
of 55 wt% SnO2/SiO2, 80 wt% SnO2/SiO2, 93 wt% SnO2/SiO2 and 97 wt% SnO2/SiO2.
Among the prepared sensors, the sensor response of 80 wt% SnO2/SiO2 is higher than all
other samples. In other words, the samples with more or less SnO2 content have lower
sensitivity to ethanol. Adjustment of the conductivity of the sensor and conductive paths
inside the sample is the most possible reason for this optimum value of tin oxide in the
sensor. Presence of silica particles in a sample with high tin oxide content create
nonconductive paths, which act as barrier for the electrons to move around in bulk of the
sample. As a result of the created barriers and partially decreased conductive paths in the
sample, the resistance of the sensor in air increases. However, this increase in the
resistance may be compensated when the sensor is exposed to a reducing gas, resulting in
a big difference between resistance in air and in the reducing gas. The sensors with high
tin oxide content, including 93 wt% SnO2/SiO2, 97 %wt SnO2/SiO2 and pure SnO2, have
numerous channels of interconnected conductive tin oxide nanoparticles and the
conductivity of the sensor will be high even when the sample is exposed to air. Therefore,
its low resistance in air lowers its capability for giving high responses when the sensor is
exposed to a reducing gas. In contrast, when the tin oxide content becomes too low in a
sensor, the numbers of conductive paths consisting of interconnected tin nanoparticles in
the bulk decreases. Therefore, the movement of charge carriers faces with problem; this
results in the higher resistance of the sensor even when the sensor is exposed to the
reducing gases and part of its charge carriers has been returned to the bulk of the material.
It will lead into the decrease in the potential ability of the sensor to detect reducing gases.
Therefore, there should be an optimum ratio of tin oxide to silica where the resistance of
the sensor under air exposure is high, while it can really fall when it becomes exposed to
a reducing gas. The lower or higher ratios results in reduction of the performance of the
sensor. Similar explanation has been proposed for higher sensitivity of core shell samples
as well as for effect of size of particles on sensitivity of the sensors [121, 131]. In these
cases, it has been described that the layer thickness of each individual sensor should be
optimized in such a way that the complete depletion of the charge carriers of a sample
provides a good possibility for it to yield a high response, for its resistance may decrease
sharply upon exposure to a reducing gas. The lower or higher thicknesses of
semiconductive material cannot be effective there also. It either leads to high elevation of
sensor resistance under exposure of reducing gas or reduction of the sensor resistance
under exposure of the air, the both of which decreases the sensor capability. The sensor
responses to 300 ppm acetone in air are depicted in Fig. 13.23(b). Oxidation of acetone
on the surface sites of metal oxides takes place according to the following reaction [132]:
C H 3 C O C H 3 ( ads )  8 O  ( ads )  3C O 2  3 H 2 O  8 e 

(13.17)

Firstly, it should be mentioned that the response of the sensors to acetone are generally
higher than the other gases studied in this work. The maximum sensor responses to
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acetone for 55 wt% SnO2/SiO2, 80 wt% SnO2/SiO2, 93 wt% SnO2/SiO2 and 97 wt%
SnO2/SiO2 are about 1186, 2193, 1283 and 1124, respectively. Even the maximum sensor
response for pure SnO2, which has lower response toward acetone than most of the
synthesized decorated sensors is about 378.3, which seems to be high enough. The two
most likely reasons for high response of the sensors to acetone are: 1) the intense
interaction of the acetone molecules with the hydroxyl groups present on metal oxide
surfaces and 2) the high number of electrons involved, i.e. 8 electrons, in surface reaction
of acetone on active site of metal oxides.

Fig. 13.23. Sensor responses to (a) 300 ppm ethanol (b) 300 ppm acetone.

Similar behaviour to ethanol can be observed for acetone; there is an optimum value of
tin oxide content to reach higher sensor response. This behaviour may be attributed to the
adjustment of the sensor’s capacity to yield higher responses by the modification of
conductivity and conductive paths in the sample, as was described above for the case
of ethanol.
13.6.2.2.3. Evaluation of the Selectivity of the Most Sensitive Sensor to Ethanol
and Acetone
With respect to Fig. 13.23, it can be realized that the sensor responses to ethanol and
acetone are high enough even when temperature is decreased. For example, the responses
to 300 ppm acetone and 300 ppm ethanol for 80 wt% SnO2/SiO2 sensor, which is the most
sensitive sensor among the all synthesized sensors, are 533 and 445 at 170 oC. The reason
for the relatively high responses of the sensors to ethanol and acetone was expressed in
the last section. As selectivity is an important parameter in the performance of chemical
gas sensors, the selectivity of the chemical sensor with best performance, i.e. 80 wt%
SnO2/SiO2, was investigated to ethanol and acetone. In order to investigate the selectivity
of this sensor to ethanol and acetone, five different chemical gases including methane,
carbon monoxide, trichloroethylene (TCE), propane and toluene were selected as
interfering gases and the responses of the sensor to these gases in addition to that of
acetone and toluene were measured at different operating temperatures.
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Fig. 13.24 shows the sensitivities of the sensor to 300 ppm ethanol and 300 ppm acetone
as target gases and 1 % methane, 300 ppm carbon monoxide, 300 ppm TCE, 300 ppm
propane and 300 ppm toluene as disturbing gases at different operating temperatures
ranging from 70 oC to 370 oC with the interval of 100 oC in the logarithmic scale. The
logarithmic scale is selected as the amount of responses differ conspicuously with each
other at different temperatures and it cannot be shown in the regular scale. As it was
assumed, the sensors show measurable response to ethanol and acetone relative to other
gases at all these temperatures, especially the lower temperatures. For example, the
sensor’s responses to 300 ppm acetone and 300 ppm ethanol are 23.2 and 11.8,
respectively at operating temperature of 70 oC. In the other hand, the sensor responses to
1 % methane, 300 ppm carbon monoxide, 300 ppm propane, 300 ppm toluene and
300 ppm TCE were all below 0.1 at the same temperature; the responses to all mentioned
gases are really negligible with respect to the target gases. The sensor responses to ethanol
and acetone at operating temperature of 170 oC are 445 and 533 which are high enough;
while the sensor responses to the all disturbing gases are lower than 9, showing poor
sensitivity of the sensors to the disturbing gases.

Fig. 13.24. The response of 80 wt% SnO2/SiO2 sensor to different gases at different operating
temperatures. Side figures: (a) 70 oC (b) 170 oC (C) 270 oC (d) 370 oC.

To better distinguish the responses of the sensor to the target gases and interfering gases,
the response of the sensor at each individual temperature to the all gases is shown in the
regular scale, in the side figures of Fig. 13.24. Fig. 13.24(a-d) show the responses to the
gases at 70 oC, 170 oC, 270 oC and 370 oC, respectively. These figures obviously confirm
the very high sensor response to the target gases relative to those interfering gases. The
higher responses of the sensors to ethanol and acetone to ethanol and acetone relative to
other gases may be due to two main reasons. Firstly, as it is said above, the transmitted
electrons as a result of surface oxidation reaction are 6 and 8 for ethanol and acetone
respectively, why it is usually lower for other detected gases, except toluene. Secondly,
the higher polarity of acetone and ethanol relative to other detected gases results in the
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higher adsorption rate for these two gases which results to the higher sensor responses.
This difference in the adsorption rate is more obvious at lower temperatures. This is
because as the polarity of present functional groups at metal oxide surfaces is more similar
to acetone and ethanol molecules than other gases, the formed bond between them is
stronger. It is known that for stronger bonds, the enthalpy of adsorption is higher [133]. It
can be concluded that the enthalpy of adsorption on the metal oxides is higher for ethanol
and acetone relative to other used gases in this work. Therefore, the adsorption tendency
of the acetone and ethanol molecules on the metal oxide surface is more dependent to the
temperature. It means that the rate of the adsorption of these molecules sharply increases
as temperature decreases, resulting in noticeable difference between the response of the
sensor to the target gases and disturbing gases and thus higher selectivity of the sensor to
the target gases, at low operating temperatures.
13.6.2.2.4. Possibility of Being Used for Acetone Detection in Diabetes Mellitus
Breath. Sensor Response of the Sensor to Very Low Concentrations
of Acetone
As it is realized, the synthesized decorated samples have high response toward acetone
and ethanol at low temperatures. One of the main applications dealing with detection of
low concentrations of acetone is its detection in the breath of diabetics. The breath of a
diabetic contains very low amount of acetone and thus the acetone detectors can be used
for detection of diabetes mellitus, if they are able to detect very low concentrations of
acetone. Therefore, the possible usage of the most sensitive decorated sample for use in
detection of diabetes mellitus should be investigated.
The responses of 80 wt% SnO2/SiO2 sensor, as the most sensitive sensor to acetone, to
very low concentrations of acetone in three different operating temperatures can be
observed in Fig. 13.25.
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Fig. 13.25. Sensor response of the 80 wt% SnO2/SiO2 at different acetone concentration.

As it is expected, the sensor responses increase with the increase in acetone concentration,
at each constant operating temperature. Among the selected operating temperatures shown
in Fig. 13.25, the highest responses of the sensor belong to the operating temperature of
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170 oC, where the sensor response to 0.5, 1, 2.5 and 5 ppm acetone are 1.4, 9.4, 24.1 and
37.5, respectively. The competitive interaction between the rate of adsorption of acetone
and the rate of surface oxidation reaction of acetone gives the overall rate of the reaction
and therefore the rate of charge carrier return into the bulk of the sensor. As it is said in
the last section, the very high tendency of acetone for adsorption on the metal oxide at
low temperature causes the temperature of maximum response to decrease. Therefore, the
response of the sensor at 170 oC are higher than other operating temperatures and the
responses to acetone at other operating temperatures, shown in the figure, are not as high
as the sensor responses at 170 oC. These elevated responses at such a low temperature
show the acceptable performance of this sensor for being used in low energy consuming
devices for use in diabetes detectors.
13.6.2.2.5. The Effect of Humidity on the Sensor Response to Acetone
The effect of humidity on the response of the 80 wt% SnO2/SiO2 sensor toward acetone
has been shown in the Fig. 13.26. The sensor responses to 2.5 and 5 ppm acetone under
the exposure of dry and humid can be seen in this figure. The properties of humid air have
been said in experimental section. The presence of humidity in the air has caused the
sensor responses to decrease. The sensor responses for 2.5 and 5 ppm acetone at 170 oC
are 24.1 and 37.5. It is while these values decrease to 4.2 and 5.1 when the humid flow is
inserted into the reactor. The two most accepted mechanisms which cause the sensor
response to decrease are the adsorption of water on the metal oxide surface and the
reaction of displaced bulk oxygen with the hydrogen ions resulted from decomposition of
water [134, 135]:
H 2 O  O O  2 Sn Sn  2( O H  Sn )  V O00  2 e   2 H  ,

(13.18)

H   O 2   OH  ,

(13.19)

where the OO is the lattice oxygen atoms, the SnSn is lattice tin atoms, the OH-Sn are the
hydroxyl groups attached to the surface of tin oxide, and VO00 is the oxygen vacancy which
has been formed as a result of the second reaction. The first reaction is related to
adsorption of water on the metal oxide surface which releases two electrons to the bulk of
metal oxide structure by forming two oxygen vacancies in the structure of metal oxide
semiconductor. As it can be seen here, the water molecules act just like as a reducing gas
in this stage. It has been reported in the literature that water and acetone molecules can
compete with each other in order to being adsorbed on the surface of a metal oxide
semiconductor [136], which is an expected result due to the presence of hydrogen bonds
in both atoms leading to have good interaction with similar surface sites. Consequently,
the rate of acetone adsorption decreases by increasing the amount of water vapour, which
results in the lower response of the sensor in humid air. The second reaction also decreases
the capability of the sensor to yield enough high responses for the formation of hydroxyl
group on the surface sites of the metal oxide semiconductor possibly prevents higher
adsorption of acetone molecules. Similar to the case of water molecule, hydroxyl groups
have some similar physiochemical property to acetone and therefore block the preferential
sites for adsorption of acetone molecules on the metal oxide surface. As a result of these
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two effects, the potential ability of the sensor decreases compared to when the dry
background air is used. Another interesting result is that the temperature of maximum
response to 2.5 and 5 ppm acetone for the sensor is 170 oC when dry air is used, while it
is 270 oC when humid air is inserted to the reactor. As the two above reactions are
reversible and exothermic, their rates begin to fall by the increase in the temperature [135].
Therefore, the negative consequence of water on the sensor response becomes less
sensible at higher temperatures and the response of the sensor in humid air approaches to
that of dry air. As a result, the temperature of maximum response elevates when humid
air is inserted to the reactor instead of dry background air.
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Fig. 13.26. Effect of humidity on sensor response toward acetone.

13.6.2.2.6. Transient Response to Acetone
Fig. 13.27 shows the transient response of the 80 wt% SnO2/SiO2 sensor to 5 ppm acetone
at 170 oC. Although the operating temperature of the sensor is low and usually the sensors
operating at low temperatures, suffer from poor response and recovery behaviour, the
response and recovery rate of the best decorated sample are in acceptable ranges. Based
on the definition of the response time and recovery time, expressed in experimental
section, the response time and recovery time for the 80 wt% SnO2/SiO2 are 9 s and 150 s,
respectively. The high response of the sensor in low operating temperatures in addition to
acceptable response and recovery rate are features that help the 80 % wt. SnO2/SiO2 sensor
to be a good candidate for being used in low temperature operating diabetes detectors.
13.6.2.2.7. Comparison of the Performance of the Sensor with Other Works
In order to evaluate the capability of the sensor from the aspect of its response to acetone
and the operating temperature, the results obtained in this work are compared to those of
the other recent works using a metal oxide or mixture of metal oxides for sensitive
detection of acetone. The results have been shown in Table 13.4.
As it can be seen in the Table 13.4, the responses of the other recent works are lower to
acetone than the sensor synthesized in this work. The only exception is that the highly
sensitive indium oxide hollow nanofibers reported in the literature [137] that shows the
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high response of 150 to only 5 ppm of acetone which is really outstanding. However, the
noticeable fact is that for the abovementioned sensor and all other sensors that are shown
in the Table 13.4, the operating temperature of the sensor is higher than the present work.
Their operating temperature are between 230 to 300 oC, while it is 170 oC for the sensor
synthesized in this work. The high relative sensitivity of the sensor in addition to its low
operating temperature are the two very important advantages over other sensors, reported
in the literature.
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Fig. 13.27. The transient response of 80 wt% SnO2/SiO2 sensor to acetone at 170 °C.
Table 13.4. Comparison of the acetone responses obtained by various metal oxide sensors.
Material

Fabrication Method

In2O3/ZnO-In2O3

Electrospining technique
"container effect" Nano
casting method

mesoporous In2O3

Aceton
Conc.
(ppm)
1

Response

Temp.
(°C)

Ref.

≈ 3.7

280

[138]

5

≈ 7.5

300

[139]

Au-nanoparticle
decorated ZnO flowerlike
microstructures

Two step hydrothermal
method

20

≈7

280

[137]

In2O3 hollow nanofibers

Electrospining technique
followed by etching

5

≈ 150

300

[140]

Hydrothermal Method

50

≈4

300

[141]

Sol gel/solvothermal
processing method

25

≈ 65

250

[142]

Solvothermal method

5

≈ 3.5

230

[143]

Physical Vapour Deposition

10

1.85

RT

[144]

50

≈ 3.5

300

[145]

50 25 5 1

161 89
37.5 9.4

170

This
work

3D ﬂower-like ZnO
hierarchical structures
TiO2 nanocrystals
modified with WO3
species
Hierarchical ZnO gas
sensor
Vanadium pentoxide
nanoneedles
Doped hexagonal ZnO
plates
SnO2 decorated Silica
particles

Simple low temperature
hydrothermal method
Micro emulsion followed
by deposition precipitation
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13.6.3. Conclusions
The SnO2 decorated SiO2 samples used in this work considerably enhanced the sensor
response to the ethanol and acetone. In addition to the known positive effect of silica as
dopant or composite on the sensors’ performance, the presence of silica can adjust the
resistance of the sensor and thus enhance its sensitivity. This enhancement in the response
of the sensor toward ethanol and acetone coupled with the decrease in the temperature of
maximum sensor response of these sensors and the significant selectivity of the sensor to
ethanol and acetone relative to other detected gases, make decorated sensors good
candidate for being used in low energy consuming sensing devices of these gases. The
ability of the sensor with the best performance for acetone detection was examined; the
sensor can be used in order to detect diabetes due to its high sensor response and selectivity
of these sensors toward very low concentrations of acetone. However, the sizeable fall in
the sensor’s response to acetone in the presence of humidity in background air is the most
obvious blind pint of the sensor which can be addressed in the later works.

13.7. Effect of Silica in the Silica/ZnO Core/Shell Nanostructures on the Gas
Sensing Performance
The following section has been adapted from part of our previous experimental work in
the literature, which is reproduced with the permission from Elsevier [148]. In this study,
Silica@ZnO core-shell nanostructures containing 15-90 wt% ZnO are synthesized by a
simple microemulsion method and used for selective detection of C2H5OH compared with
the other interfering gases such as CO, CH4, C3H8, C2HCl3 and C6H5CH3 in dry air.
Sensing performances of the core/shell structures are compared with those of the
corresponding nanocomposites.
13.7.1. Synthesis and Characterization Methods
Silica/ZnO core/shell and composite particles were synthesized in a triton
X-100/hexanol/cyclohexane/water microemulsion system. The required amount of triton
X-100 (TX-100, BDH, 0.3 M), hexanol (Merck, 98 %) and cyclohexane (Merck, 99.5 %)
as the surfactant, co-surfactant and solvent, respectively, were mixed, to which proper
amounts of ammonium hydroxide aqueous solution (Merck, 25 wt% NH3) was added and
stirred until it was optically transparent (denoted as ammonia microemulsion).
Hexanol/TX-100 and water/TX-100 molar ratios were 1.6 and 5, respectively.
Tetraethoxysilane (TEOS, Merck 98 %) and zinc nitrate hexahydrate (Merck) were used
as the silica core and ZnO shell precursors.
In order to prepare silica@ZnO core/shell samples via a two-step microemulsion method.
At first, silica microemulsion was prepared via the addition of the proper amount of TEOS
to the ammonia microemulsion and stirred for 24 h. The water/TEOS molar ratio was 10
for all samples. Then the required amount of zinc nitrate and ammonia solution were
added simultaneously at a rate of 0.1 ml min-1 to the silica microemulsion.
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In order to prepare silica-ZnO composite samples by a one-step microemulsion method,
first TEOS and zinc nitrate were added to the ammonia microemulsion and then additional
ammonia solution was added to the microemulsion.
For all samples, after stirring for 2 h, the particles were separated from the oil phase by
destabilization of the microemulsion with ethanol addition and centrifugation at 6000 rpm
for 30 min. The precipitates were washed and centrifuged several times with ethanol and
water to remove all chemicals and then dried at 80 °C overnight and finally calcined in air
at 500 °C for 2 h. Silica/ZnO samples with different contents of zinc oxide were prepared
by changing the zinc nitrate and ammonia solution molarities. The concentration of zinc
precursor and ammonia in the microemulsion system was in the range of 0.12-4.07 and
0.24-13.32 M, respectively. The core/shell and composite samples were denoted as
Si@Zn-x and Si-Zn-x, respectively, in which “x” specifies the nominal wt% of zinc oxide.
The crystalline structures of the calcined samples were determined by X-ray powder
diffraction (XRD; Rigaku Corp., RINT2200) analysis using Cu K radiation (40 kV,
40 mA). The specific surface area and pore size distribution of the samples were measured
on Micromeritics (Tristar3000), by BET and BJH methods, using the N2 adsorption
isotherm. The samples were degassed at 200 °C for 6 h, prior to N2 adsorption. The
samples morphologies were determined, using a field emission scanning electron
microscopy (FESEM; ZEISS Sigma VP). The elemental compositions of all samples and
the elemental mapping of Si-Zn samples were analyzed by energy dispersive X-ray (EDX)
on the same FESEM. Transmission electron microscopy of the samples was also
performed on a JEM2010-HT microscope (TEM, JEOL Ltd.).
13.7.2. Gas Sensing Measurements and Long-term Stability
The samples powders were ball milled in deionized water to form a homogeneous paste.
The resulting paste was screen printed on an alumina substrate between two gold
electrodes with 1 mm spacing, already deposited on the alumina surface. All the sensors
were dried at 80 °C and then annealed at 480 °C for 2 h. A continuous flow system was
used as the experimental setup to study the performance of the sensors in the presence of
different gases at different temperatures. The details and schematic diagram of the
experimental setup have been reported in our previous work [146]. The setup consisted of
an electric furnace, a quartz glass chamber, two mass flow controllers, a PID temperature
controller, and an A/D converter. The sensor response was measured within the
temperature range of 200-450 °C in the presence of 10000 ppm methane (CH4) and
300 ppm of CO, ethanol (C2H5OH; EtOH), trichloroethylene (C2HCl3; TCE), toluene
(C6H5CH3), acetaldehyde (C2H4O; ethanal), acetone (C3H6O) or propane (C3H8) in dry air.
The sensor response is defined as follows:
S = (Ra/Rg) – 1,

(13.20)

where S is the sensor response, Ra and Rg are the sensor resistances in air and in the
presence of a target gas, respectively. The response time was defined as the time needed
for the change in the sensor resistance to reach 90 % of its stable value after injecting the
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target gas, and the recovery time was defined as the time to reach 90 % of the initial
resistance of the sensor in air after removing the target gas.
The effect of humidity on the gas sensing response was examined using the following
procedure. First, a measured flow of dry air was passed through a water bubbler at room
temperature to prepare a flow of air with 80 % RH (at 30 °C). Humid air was then mixed
with dry air containing 1000 ppm ethanol to adjust the relative humidity to 56 % and
ethanol to 300 ppm.
Furthermore, to study the long-term stability, the fabricated sensors were exposed to
15 ml min-1 air with 56 % RH (based on the room temperature) at 500 °C for 14 days.
The responses of the fresh sensors and the ones aged for 3, 5, 8, 11 and 14 days to
300 ppm ethanol were measured at 400 °C.
13.7.3. Results and Discussions
13.7.3.1. Characterization
Fig. 13.28 illustrates the X-ray diffraction patterns of Si@Zn core-shell along with the
corresponding Si-Zn composite nanostructures. For all samples, except amorphous
Si@Zn-15 and Si-Zn-40 ones, prominent peaks of hexagonal wurtzite structure of zinc
oxide (from JCPDS file No. 36-1451) are observed. No characteristic peaks of ZnSiO3 or
Zn2SiO4 are observed [147]. As the amount of ZnO in both the core/shell and composite
samples increases, the XRD diffraction peaks becomes sharper. Intensities of the ZnO
characteristic peaks of core/shell samples increase with ZnO contents, relative to the broad
peak of amorphous silica (2 = 15-30◦) [147]. For Si@Zn-15 sample, no characteristic
peaks of zinc oxide crystalline structure could be detected. This may be ascribed to low
loadings of zinc oxide or its too small crystallites [107]. Comparison of the composite and
core/shell samples clearly shows sharper diffraction peaks of zinc oxide for
composite ones.

Fig. 13.28. XRD patterns of Silica-ZnO core-shell and composite samples: (a) Si@Zn-15,
(b) Si@Zn-40, (c) Si-Zn-40, (d) Si@Zn-70, (e) Si-Zn-70, (f) Si@Zn-80 and (g) Si-Zn-80 [148].

484

Chapter 13. Fabrication and Characterization of Silica/Metal Oxide Semiconductor Nanostructures to
Improve Gas Sensing Performance

As shown in Table 13.5, the crystallite size of zinc oxide for composite samples containing
70 and 80 % ZnO are 16.9 and 20.8 nm, respectively, which are slightly larger than their
corresponding core/shell ones. Moreover, Si-Zn-40 composite sample does not exhibit
any characteristic peaks of ZnO structure (Fig. 13.28c), even after calcination at the higher
temperature of 700 °C for 2 h. Whereas, XRD pattern of Si@Zn-40 core/shell sample
indicates the formation of zinc oxide crystalline structure (Fig. 13.28b). ZnO could be
non-crystalline or may exist as ultra-fine crystallites in the Si-Zn-40 sample. Same results
are reported for mesoporous SiO2-ZnO composite in the literature [8, 39].
Table 13.5. ZnO contents and crystallite size of the core/shell and composite samples.

Fig. 13.29(a-e) demonstrates the FESEM images of the bare silica and Si@Zn core/shell
nanostructures. The images show the spherical morphology of silica particles with the
average size of 95 nm along with the growth of zinc oxide nanoparticles on the surface of
silica in the microemulsion process. Up to a ZnO content of 40 %, the ZnO nanoparticles
are mostly grown on the spherical silica particles. Further addition of ZnO results in the
formation of agglomerates of ZnO nanoparticles too. The mean particle size of bare silica
core (see Fig. 13.29 (a)) is about 95 nm. For the Si@Zn samples containing 15, 40, 70 and
80 wt% zinc oxide, the Si@Zn size increases to 110, 136, 148 and 148 nm, indicating
about 7.5, 20.5, 26.5, and 26.5 nm overall shell thickness, respectively. The 26.5 nm
plateau of the shell thickness for ZnO contents higher than 70 % may indicate the collapse
of the microemulsion system. The shape of the aqueous domains and microemulsion phase
can be affected by further addition of zinc and ammonia solutions [149, 150]. In such
conditions, surfactants can adsorb at the surface of ZnO nanoparticles, act as capping
agents and cover the surface of silica/ZnO core/shell particles. In this way, adsorbed
surfactants restrict further growth of ZnO on the surface of core/shell particles. This leads
to the significant increase in the number of homo-nucleated bulk ZnO particles
(see Fig. 13.29(d, e)).
The final morphology of homo-nucleated bulk ZnO nanostructures could be affected,
when the aqueous phase contents of the microemulsion system for ZnO loadings higher
than 70 % increase. First, as the aqueous phase contents of the reverse micelles increase,
their diameters and interface fluidity increase and their interfacial films tend to easily
break in the collisions. This can lead to the aggregation of crystallites from different
micelles [151]. Hexanol as a cosurfactant increases the flexibility of the water/oil interface
too [149]. This seems to bring about an assembly of nanoparticles and formation of a
network of nanoparticles in the microemulsion system [151]. The formation of a
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sheet-like morphology of ZnO nanoparticles may be due to the phase transition and
change in the shape of surfactant assemblies with an increase in the ZnO content
[149, 150]. Hexanol as an efficient solubilizer causes solubilization of a large amount of
water in the TX-100/cyclohexane microemulsion system. Such microemulsion system
displays phase transition with an increase in the amount of aqueous phase [149]. A stable
and optically transparent anisotropic phase appears at high water contents. This may
indicate the presence of lamellar or cylindrical phases in the TX-100 microemulsion
system. This lamellar phase as a soft template can lead to the formation of sheet-like
nanostructures comprising a network of nanoparticles.

Fig. 13.29. FESEM images of core-shell samples, (a) bare SiO2, (b) Si@Zn-15 (0.12 M),
(c) Si@Zn-40 (0.6 M), (d) Si@Zn-70 (1.73 M), (e) Si@Zn-80 (2.56 M) [148].
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With regard to the composite samples, as TEOS and zinc nitrate are simultaneously added
to the ammonia solution in triton X-100/cyclohexane/hexanol microemulsion system,
nanosheets/flakes as well as nanoparticles are formed (SEM images are not shown). Since
nucleation and growth rates of ZnO nanoparticles are higher than the
hydrolysis/condensation rate of TEOS [152], silica may deposit on the surface of ZnO
nanostructures or form on the ZnO necks. TX-100 adsorbed on ZnO surface via OH
groups [153, 154] may be considered as a possible reason for the formation of the
self-assembly of ZnO nanoparticles in the plate-like morphology [155]. Synthesis of
plate-like ZnO is also reported under high concentration of zinc nitrate solution [156].
BET specific surface areas (SBET) of the core/shell and composite nanostructures are
presented in Table 13.6. The surface area of all core/shell samples are lower than bare
silica particles and decrease with ZnO content up to 40 % and show a maximum at 70 %
ZnO, by further addition of ZnO. On the other hand, the Si-Zn composites BET areas
show a maximum at 70 % ZnO content. This indicates that the thin nano-flakes formed in
the composite sample containing 70 % ZnO have the highest surface area. For the Si@Zn
core/shell samples, as FESEM images (Fig. 13.29) show, the decline in SBET up to 40 %
may be related to the formation of ZnO nanoparticles on the surface of silica nanospheres.
This results in an increase in the average size of core/shell particles from 110 to 136 nm
and decrease in the SBET. Formation of small bulk-phase ZnO nanoparticles and their
aggregation as sheet-like morphology at higher ZnO contents may explain the maximum
SBET at Si@Zn-70.
Table 13.6. BET surface area (SBET) of the core/shell and composite nanostructures
and mesopore, macropore volume of the core/shell samples.

Fig. 13.30 presents BJH pore size distribution of Si@Zn nanostructures. The Si@Zn
samples containing 25 and 40 % ZnO show a wide macropore size distribution mostly in
the range of 8-120 nm and centered at about 44-46 nm along with a low portion of
mesopores. As the ZnO content further increases, the mesopores fraction increases. The
mesopores distributions are centered at 8, 10 and 9 nm for Si@Zn-70, 80 and 90,
respectively. The macropore distribution can be related to the pores between the Si@Zn
core/shell particles, while the mesopores are formed between the bulk-phase ZnO
nanoparticles agglomerates (see FESEM images in Fig. 13.30). The macro and mesopore
volumes and their proportions are summarized in Table 13.6. The proportion of mesopores
sharply increases in the Si@Zn-70 sample, due to an increase in the amount of bulk-phase
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ZnO and formation of nanosheets or network of nanoparticles. However, for Si@Zn
samples containing ZnO loadings higher than 80 %, staking of the nanosheets leads to a
slight increase in the proportion of mesopores [157, 158].

Fig. 13.30. Pore size distribution of Si@Zn samples containing 25, 40, 70, 80
and 90 % ZnO [148].

TEM micrographs of Si@Zn-25, -40 and -70 core-shell samples are presented in
Fig. 13.31(a-d). The figures inset show the distribution of ZnO nanoparticles deposited on
the SiO2 cores. For the Si@Zn samples containing 25, 40 and 70 % zinc oxide, the mean
size of the deposited nanoparticles are about 6.9, 7.7 and 9.0 nm, respectively. Lattice
fringes of ZnO nanoparticles in the Si@Zn-40 sample is shown in Fig. 13.31(e). Lattice
spacing of 0.25, 0.26, and 0.28 nm correspond to (1 0 1), (0 0 2) and (1 0 0) planes of
wurtzite zinc oxide crystalline structure. Electron diffraction of Si@Zn-40 sample, shown
in Fig. 13.31(f), also indicates diffraction rings of the same planes of the ZnO crystalline
phase.
The growth mechanism of zinc oxide nanoparticles on the silica spheres surfaces can be
proposed based on the restricting effect of aqueous domains in the TX-100 microemulsion
system and the controlling effect of surfactants adsorption on the particle growth [149,
159]. Simultaneous addition of zinc nitrate and ammonia to the silica microemulsion
results in the formation of thermodynamically stable zinc hydroxide or zinc oxide in the
aqueous domains/droplets. The heterogeneous nucleation rate is greater than the
homogeneous one at a constant temperature [160]. Therefore, in the presence of presynthesized silica nanospheres it is expected that the primary ZnO clusters/nanocrystals
are mostly nucleated on the silica surface [161, 162]. Coarsening of the heteronucleated
ZnO at the expense of smaller ones in the aqueous domains to minimize the surface energy
leads to the growth of ZnO on the silica surface [163]. Basically, the growth of ZnO
nanoparticles in the solution usually involves fast nucleation followed by the growth via
two primary mechanisms; coarsening and aggregation [16, 48]. Comparing the shell
thickness of Si@Zn-40 and -70 samples, shown in Fig. 13.29 (c, d), with the average size
of the deposited ZnO nanoparticles, shown in Fig. 13.30 (c, d), may indicate that the ZnO
shell consists of the several layers. As illustrates in Fig. 13.31(g), a closer look at a single
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core/shell particle indicates the presence of necks between deposited nanoparticles, as a
character of particle-particle bonding/attachment on the outer layer of core/shell
particles [164, 165].

Fig. 13.31. TEM images of (a) silica, (b) Si@Zn-25, (c) Si@Zn-40, (d) Si@Zn-70 along
with the corresponding normal distribution of particle size; (e) lattice fringes of Si@Zn-40;
(f) diffraction pattern of ZnO in Si@Zn-40 and (g) a single core/shell particle of Si@Zn-40
sample [148].

Therefore, the formation of one or two primary layers via coarsening of hetero-nucleated
nanocrytals/nanoparticles on the silica surface followed by the aggregation and
particle-particle attachment can be considered as a proposed growth mechanism of ZnO
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layer on the silica surface in the present study. Moreover, the slight increase in the size of
deposited nanoparticles with ZnO content shows the increase in the aggregation
phenomena with increasing the concentration of Zn2+ ions due to the high surface energy
of small ZnO nuclei or primary particles [166]. This mechanism is similar to the
Stranski-Krastanov (S-K) growth mode which is mostly discussed in the growth of metal
oxides such as ZnO on the mismatch substrates such as Si or amorphous silica in the gas
or liquid phase [167]. Based on the S-K mode, first, a monolayer is formed on the substrate
surface followed by island growth due to the mismatch that finally coalesce
to form a layer.
13.7.3.2. Gas Sensing Performance
Fig. 13.32 illustrates the changes in the resistance of Si@Zn core/shell and Si-Zn
composite sensors in air atmosphere at 400 °C. The resistance of both types of samples
sharply decreases with the ZnO contents. 4.2 times decrease in core/shells resistances is
observed, when the ZnO content increases from 15 to 40 %. The Si@Zn-15 and -60 show
about 24 % higher and 50 % lower resistances than the corresponding composite ones,
respectively.

Fig. 13.32. Resistance changes of Si@Zn and Si-Zn sensors in air atmosphere with ZnO
at 400 °C [148].

Fig. 13.33(a-c) shows responses of Si@Zn core/shell sensors to C2H5OH, CO and CH4 in
the temperature ranging of 200-450 °C. Fig. 13.33 (a-c) insets show the changes in the
sensors responses to the gases with the ZnO contents at 400 °C. Fig. 13.33 (d) shows the
responses of the core/shell sensors to different gases at 400 °C. Most sensors show
maximum responses at 400 °C. The core/shell sensor responses at 400 °C show a
maximum at 70 % ZnO content for ethanol and methane, while the maximum occurs at
80 % ZnO for CO. The Si-Zn composite sensors show no response to none of the target
gases up to 70 % ZnO, while maximum responses occur at 80 % ZnO. The Si-Zn-80
sensor shows a much lower response to methane than the corresponding core/shell one.
The sensors responses to ethanol are extremely higher than the ones to CO and methane.
For example, the Si@Zn-70 sensor shows 76 and 69 times higher response to ethanol than
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to CO and methane, respectively (see Fig. 13.33d). The responses of the Si@Zn-40 sensor
to ethanol, CO, and methane at 400 °C are 21.6, 0.3 and 0.3, respectively. This makes the
sensor highly selective to ethanol. The core/shell sensor with 15 wt% ZnO content shows
no response, even to ethanol, while a significant response to ethanol is observed for the
Si@Zn-25 sample (Fig. 13.33d).

Fig. 13.33. Sensor response of Si@Zn samples to (a) 300 ppm ethanol, (b) 300 ppm CO,
(c) 10000 ppm CH4 with temperature ranging from 200 to 450 °C and (d) selectivity of the Si@Zn
samples to ethanol compared with CH4 and CO at 400 °C. The inset is the response of Si-Zn
sensors to the corresponding gas compared with Si@Zn sensors at 400 °C [148].

This along with the sharp decline in the resistances of the sensors (Fig. 13.32), when their
ZnO contents increase from 15 to 25 wt%, may indicate that a more interconnected layer
of ZnO nanoparticles is formed on the surface of silica nanospheres, for Si@Zn-25
sample. Further increase in the ZnO contents up to 70 wt% results in the formation of a
network of ZnO nanoparticles [149, 150], the decreases in the sensors resistances, and the
significant enhancements of sensors responses. However, for the Si@Zn sensors
containing 80 or 90 % zinc oxide, due to the stacking of ZnO nanoparticles, the surface
area decreases (Table 13.6), which in turn results in decreases in the sensor responses. In
contrast, for the composite samples at ZnO contents up to 70 wt%, the zinc oxide
nanoparticles are separated effectively by silica dielectrics [168, 169] and no responses to
the target gases are observed (see inset of Fig. 13.33(a-c)). On the other hand, the silica
may cover the ZnO with much higher rate of hydrolysis and condensation [100, 152]. The
presence of silica phase as an insulating layer for electronic conduction can lead to the
decrease in the sensing response at high SiO2 contents [100]. However, at low silica
contents, the response of metal oxide sensors improves with an increase in the silica
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content [100, 170]. This is rooted in the deposition of fine silica particles on the neck of
metal oxide or on its surface that result in narrower necks between metal oxide grains and
consequently increase the potential barrier height at the neck grain boundaries [100]. This
may explain the higher responses of the Si-Zn-80 sensor than the Si-Zn-90 one to the
target gases.
Fig. 13.34 shows a typical transient response of Si@Zn-40 sensor to various gases and its
recovery at 400 °C. The sensor exhibits sharp responses to ethanol, CO, CH4, propane,
acetone and ethanal while a sluggish recovery is observed for ethanol, TCE, toluene,
propane and CH4. The response time at 400 °C to ethanol, CO, CH4, propane, acetone,
ethanal, toluene and TCE are about 0.27, 0.7, 0.5, 0.9, 0.6, 0.8, 1.3 and 1.4 min,
respectively. The recovery time for these gases are about 3.5, 1, 3.3, 3.1, 2.4, 1.2, 4.8 and
6.3 min, respectively. The recovery time for all gases is defined as the time to reach 90 %
of the initial resistance, except for propane and toluene for which it is obtained base on
the 80 % of the initial resistance of the sensor in air after removing the target gas. The
response time of Si@Zn-40 sensor for the studied gases is less than 1 min except for TCE
and toluene. As shown in Fig. 13.30, the Si@Zn-40 sensor has a wide macro-pore size
distribution, which could make the diffusion of gas molecules more facile through the
thick film sensor from surface to depth of the pores. It has been reported that formation of
hydrogen bond between multiple ethanol molecules adsorbed on the same geometry on
the zinc oxide surface maximize its binding strength [171]. This may account for the
stronger adsorption and consequently slower desorption of ethanol compared to the other
interfering gases, except TCE and toluene. Longer response time of TCE may be attributed
to its difficult oxidation because of the higher activation energy that is needed for the
rupture of the double C = C bond [172]. As it is observed in Fig. 13.34, exposure to toluene
and TCE needs longer recovery times compared to ethanol and the other interfering gases.
The higher electro negativity and poisoning effect of chlorine, formed upon dissociation
of TCE, make stronger bond with the surface and consequently more difficult its
desorption from the surface [146, 172, 173]. The benzene ring in the toluene molecule due
to the weak electron donating nature has also relatively high activation energy. This may
affect the adsorption and oxidation of toluene, as it may be only partly oxidized on the
surface of metal oxide [174]. This may account for its longer response time. The reaction
products of toluene and oxygen species on the surface of zinc oxide are probably
benzaldehyde and benzoic acid [175]. Lower ionization potential of benzaldehyde
(9.57 eV) and benzoic acid (9.41 eV) as aromatic compounds than ethanol (10.64 eV),
may cause their strong interaction with polar faces of zinc oxide and, as a consequence,
make their desorption more difficult.
The responses of the Si@Zn-40 and Si@Zn-70 sensors to ethanol are compared with those
to 300 ppm of interfering gases including trichloroethylene (TCE), toluene, acetaldehyde
(ethanal), acetone and propane at 200-450 °C in Fig. 13.35(a, b). The Si@Zn-40 sensor
responses show a maximum at 300 °C for both acetone and ethanal, while the maximum
occurs at 400 °C for ethanol which is possibly due to the lower bond dissociation energy
of ethanal (364 kJ mol-1) and acetone (393 kJ mol-1) as compared with ethanol
(496 kJ mol-1) [176]. As it is observed in Fig. 13.35a, the Si@Zn-40 sensor responses to
ethanol are extremely higher than to the interfering gases, except for toluene at
temperatures higher than 350 °C and for both acetone and ethanal at 300 °C. The
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Si@Zn-40 sensor shows 450, 112.5, 22.5, 18, and 9 times higher responses to ethanol than
to propane, TCE, toluene, ethanal and acetone at 250 °C, respectively. Therefore, the
sensor will be selective to ethanol in the presence of the interfering gases. The Si@Zn-70
represents much higher responses to ethanol than to the interfering gases too. The
responses of this sensor to ethanol, TCE, propane and toluene at 400 °C are 62.5, 2.4,
1.3 and 4.58 at 400 °C, respectively (Fig. 13.35b). This also shows the selective behavior
of the sensor to ethanol compared with other interfering gases.

Fig. 13.34. Typical transient response of Si@Zn-40 sensor to various gases at 400 °C
and its recovery [148].

Fig. 13.35. Sensor response of (a) Si@Zn-40 and (b) Si@Zn-70 sensors to EtOH compared
with toluene, TCE, propane, acetone and ethanal gases (300 ppm of the all gases) [148].

Fig. 13.36 indicates the effect of humidity (RH) of 56 % (at 30 °C) on the response of
Si@Zn-40 and Si@Zn-70 core/shell sensors to 300 ppm ethanol. When humid air is used,
the Si@Zn-70 sensor response to ethanol decreases by a factor of up to 3.7 times. While
humidity induces a slight decrease of 3-14 % in the sensing response of the Si@Zn-40
sensor. The effect of humidity on the gas sensing performance of ZnO based sensors is
investigated by different groups [107, 177, 178]. The chemisorption of water vapour on
the metal oxide surface causes an increase in the electron concentration leading to a
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decrease in the ethanol response at relatively high humidities [179]. There are two main
mechanisms to explain the increase in the surface conductivity in the presence of water
vapour. The first is dissociation of water molecules into hydroxyl species, which act as
electron donors. These electrons cause a direct increase in the sensor conductivity [179].
The second mechanism considers the reaction of the hydrogen atom with the lattice
oxygen and the binding of the resulting hydroxyl group to the Zn atom. The resulting
oxygen vacancy will produce the additional electrons [177]. The temperature highly
affects the form of adsorbed species. At temperatures higher than 200 °C, no molecular
species are observed but the hydroxyl groups [180]. Humidity sensitivity of ZnO-SiO2
composite showed that a 40 wt% ZnO/SBA-15 composite sample prepared via the
synthesis of ZnO in the presence of the as-prepared mesoporous silica has poor humidity
sensitive property at RH lower than 60 % [107]. As the ZnO contents of the samples
increases from 40 to 70 wt%, the proportion of ZnO nanoparticles network relative to the
ZnO layer on the silica sphere increase along with the surface area. It is shown that an
increase in the surface area of ZnO nanostructures increases the moisture sensitivity [181].

Fig. 13.36. The sensor responses of Si@Zn-40 and Si@Zn-70 to 300 ppm ethanol in dry air
and 56 % humid (30 °C) air [148].

Fig. 13.37 shows the responses of Si@Zn-40 and Si@Zn-80 core/shell and Si-Zn-80
composite sensors to 300 ppm ethanol at 400 °C during 14 days of the stability tests. In
the first 5 days of the stability tests, the responses of both Si-Zn-80 and Si@Zn-80
dramatically decline, but the core/shell one to a less extent, and then levels off. However,
the responses of the Si@Zn-40 slowly decline in the same period. Although the fresh
SiZn-80 composite shows a higher response to ethanol, it drops to values lower than the
corresponding core/shell one, after 3 days stability test. It is widely accepted that the
sensor resistance increases and its response decreases over the time, because of
experiencing high temperatures and ambient conditions such as humidity [116, 170].
Thermal treatment induces structural transformations such as grain growth by sintering
and ripening [97]. A decrease in the grain size is often accompanied by a drop in the
thermal stability of metal oxide particles [182]. However, 7-10 nm ZnO particles on the
silica in the Si@Zn-40 core/shell sample are much smaller than 20-60 nm ZnO particles
in the bulk of the other two samples containing a high amount of 80 wt% ZnO (see
Figs. 13.29, 13.31 and Table 13.5). Small ZnO nanoparticles deposited on the silica may
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be stabilized, resulting in a lower rate of ZnO grains growth, while even the larger bulk
ZnO nanoparticles may undergo excessive sintering during the stability tests. The
stabilizing effect of silica may arise from the presence of Si-O-Zn bonds or formation of
zinc silicate at the interface of the core and shell [107, 147]. The responses of all sensors
including the Si-Zn-80 composite one are stabilized after 5-8 days stability tests. This is
in accordance with others findings on the structural stability of SnO2 nanoparticles upon
addition of silica [100, 169]. The addition of 10 % silica to SnO2 nanoparticles results in
the stability of the sensor performance, after the 8th day of the stability test [170]. Silica
may act as a grain growth inhibitor for ZnO at the high temperature of the stability tests.

Fig. 13.37. Response (((Ra-Rg)/Rg) ± 3 %) of Si@Zn-40, Si@Zn-80 and Si-Zn-80 to 300 ppm
ethanol during the stability tests [148].

The response of the Si@Zn-40 sensor to various concentration of ethanol at 400 °C before
and after the stability test is shown in Fig. 13.38. The response of ethanol increases almost
linearly with the concentration ranging from 50 to 1000 ppm. The sensor response is high
enough at concentration of 50 ppm even after stability test (8.9 before and 4.5 after the
stability test). The gradually increase in the ethanol response suggests the Si@Zn-40
core/shell sensor has not reached saturation, possibly due to its high saturation
concentration because of the strong adsorption of ethanol [23, 183].

Fig. 13.38. Concentration dependency of the Si@Zn-40 sensor response to ethanol at 400 °C
before and after the stability test [148].
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In conclusion, Silica/ZnO core/shell and composite sensors are synthesized by a
microemulsion method and their responses to various gases are compared. The overall
ZnO shell thickness was varied in the range of 7.5-20.5 nm by a two-step microemulsion
method, in which hetero-nucleation of ZnO on silica core is promoted and its bulk phase
precipitation is suppressed, except for ZnO contents higher than 40 wt%. The sensor
response strongly depends on its morphology, shell thickness, and ZnO content. The
core/shell sensor containing 40 wt% ZnO shows a highly selective response
to ethanol, a very stable structure with low drift in the response with time, an extremely
low response change in humid air, and a short response time of 0.27 min. The Si@Zn-40
sensor response to ethanol at 350 °C is about 72.6, 98.0, 49.0, 25.1, 15.1, 9, and 6 times
higher than those to CO, CH4, propane, TCE, toluene, acetone and acetaldehyde
respectively. Silica core seems to strongly stabilize ZnO shell nanoparticles and prevent
their sintering, leading to the stable sensor. Si-O-Zn bonds or interfacial zinc silicate
formation may stabilize the shell ZnO nanoparticles. The composite sensors containing
ZnO contents lower than 80 % have no response even to ethanol, due possibly to the
isolation and or coverage of ZnO nanoparticles by silica. A dramatically sharp decline in
the response of the composite sensor containing 80 % ZnO to ethanol is observed in a few
days of the stability tests.
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20 nm, 363, 364, 390, 391
2D material systems, 84
2-tap equalization, 378-380
3D optical microscope. See OM
3-tap equalization, 378-380

A
absorption, 90, 91, 100
acetone, 132
Acetone Sensing, 468
Acidity, 440
activation energies, 56
adsorption sites, 452
Advanced Encryption Standard, 310
aerosol-phase deposition, 446
AESSE, 314
age counter, 330
threshold, 332
ailure phenomena, 57
alloy disorder scattering, 262, 267, 274
ALU, 364, 371, 372, 375, 378, 388-390
AMNESIA, 314
analyte, 447
annealing, 187, 190, 192
area
utilization, 363, 364, 369, 379, 381, 388,
390, 391
ARM, 314
ARMORED, 314
Atomic Force Microscopy, 139
atomic-layer deposition, 448
attack model, 324
attacks, 308
AuGeNi, 127

B
Band bending, 437
Basicity, 440
bch codes, 346
berger codes, 346

Bi-layer and Multi-layer Films, 446

C
cache memory, 308
miss, 310
CACTI tool, 342
Capping layer, 55
Catalyt reliability, 60
Catalytic Activity, 436
device, 52
catalyzed (catalytic) dissociation, 451
Central Processing Unit, 309
C-face, SiC, 406
charge carrier, 427
Chemical
Composition, 444
Sensitization, 441
vapor deposition, 455
Cheung functions, 159
circuit model, 289, 291, 293-296
coarse-grain Ge:Na plate, 92, 99, 105
coarse-grain plates, 89, 92, 121
coarse-grained Ge:Na, 102
coarse-grained plate, 101
co-condensation, 446
cold-boot, 309
Composite Preparation, 446
compressibility coefficients, 207
computer memory system, 310
Concentration of the Charge Carriers, 433
conditional scrambling, 318
conduction band, 426
conduction band minimum, 129
conversion, 451
CoolSiC MOSFET, 406
COPKER, 314
Core-shell Structures, 447
Counter-Doping, 402
countermeasure, 310
crystal defect, 449
Orientation, 405
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CuO nanowires, 452
C-V, 78

E
D

DA-pHEMT
band-gap structure, 253
layer sequence, 254
data scrambling, 316
data vector, 321
dC/dV, 81
DDR
DDR4, transmitter, 363, 383
DDR4, 363-366, 375, 381-389
Debye length, 438
decoders. See driver
decomposition, 451
deconvolution procedure, 200
decorating host metal oxides, 447
defect site, 59
deformation potential scattering, 262, 267,
274
dehydration-condensation reaction, 455
deionized water, 132
Delay, 380
depletion layer, 437
depth profiling, 202
detectors of ionizing radiation, 89, 90, 122
Diabetes Mellitus Breath. Sensor, 478
Dielectric Materials, 70
Dielectric Measurements, 71
diffusion, 89, 90, 92, 99, 113-115, 118-122
diffusion coefficient, 114, 119-121
dip-coating, 455
dislocation, 91, 96, 105, 110, 122
disordered state, 195
dissipated power capability, 301-303
distribution coefficient, 115, 122
donor-acceptor doping, 253
dopant, 445
Doping Calibration, 75
drain current, 280
Drift-diffusion, 292
driver
pre-driver, 363-383, 385-391
Duty cycle distortion
DCD, 383
dymanic
RAM, 311
power analysis, 325
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Effect of Additives, 441
electrical activity, 89, 113
electrodeposition, 447
electroluminescence spectra, 276
electromagnetic analysis, 322
electro-migration, 56
electron-drift velocity, 276
Electronic
properties, 432
Sensitization, 442
electroplating, 23, 25, 29, 37
electrospinning, 448
Electrothermal Simulation, 289, 291, 296
ENCEXEC, 314
encryption, 313
engineering
strain, 27
stress, 27
enhanced interleaved scrambling technique,
345
entropy, 321
Environmental parameters, 433
equalizer, 365, 367, 368, 372, 374, 377,
379, 391
error detection and correction codes, 345
etching, 130
EtOH Sensing, 468
Euler–Bernoulli beam theory, 24, 36, 37
exciton binding energy, 428
extrinsic semiconductors, 426

F
FEM, 24, 25, 27-29, 33-37, 40-47, 289-291,
294-296, 299, 303
Fermi level, 129, 427
ferrite RAM, 318
ferromagnetic RAM, 315
FIB, 25, 26
field effect
mobility (μfe), 395
transistors, 168
finite element method. See FEM
firmware, 314
fixed end, 24, 31, 36-42, 44, 46, 47
flash memory, 318
fracture toughness, 112, 113, 122
FROST, 311
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G
GaAs, 127, 141
Galois Field Multiplication, 319
gamma-ray detectors, 103
Gas sensing mechanism, 430
GaSb, 127, 128, 145
Gate Oxide
Alkali and alkaline earth elements, 403
Charges, 395
Doped with boron, 402
Doped with phosphorus, 402
High Temperature Oxidation, 408
Low Temperature Oxidation, 409
N2O Annealing, 399
Nitridation, 399
NO annealing, 399
Reliability, 401
Ge detectors of γ-radiation, 113, 114
Ge:Na, 95-98, 100
Crystals, 90
plates, 103
germanium, 89-95, 98-100, 102-107, 110,
111, 113-115, 121, 122
Glow Discharge Optical Emission
Spectroscopy, 147
good transparency, 428
Grain Size, 437
grain-growth densification, 453

H
Hamming
codes, 346
distance, 318
weight, 323
hash function, 316
heat generation, 289, 291, 293, 295
HEMT, 289-298, 300-303
Hertz-Knudsen vaporization equation, 135
heterocontacts, 446
hierarchical structures, 452
high
electron mobility, 428
temperature operation, 49
high-mobility transistors, 127
High-temperature Extraction, 107
Humidity, 435
Hüttig temperature, 52
hydrogen, 103-105, 107, 109-111, 122

hydrothermal synthesis, 446

I
III-V Semiconductor Compounds, 127
impregnation, 446
Indium oxide, 429
influence of δ-layer broadening on transport
properties, 268
Influential parameters on gas sensors, 432
information
entropy, 350
leakage, 312
Infrared spectroscopy, 194
inorganic films, 132
integral method, 207
Integrated
Circuit, 308
optical devices, 184
interface
roughness scattering, 263, 267
Trap
Density, 394
Passivation, 399
interface, SiC/SiO2, 399
interleaved scrambling technique, 329
intermetallic, 35
Intrinsic semiconductors, 426
intrinsic stress, 207
ion milling, 133
ionized impurity scattering, 261, 267, 274
ionosorbed oxygen species, 451
IR
Absorption, 194
reflection spectroscopy, 199
iRAM, 314

K
keyed-permutations, 318
Knudsen cell, 138

L
lateral migration, 61
layer-by-layer (LbL) deposition, 446
leakage
current, 370, 371, 388, 389
LEM, 289, 290, 296, 297, 299, 300, 303
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lifetime, 56, 60
lightweight encryption, 316
linearity
pin capacitance, pin leakage, 365, 370,
371, 385, 386
lithium niobate, 183
long-term stability, 192, 483
long-term stability of MOS, 457
Low Energy Electron Diffraction, 139

M
macroporous semiconductor metal oxide,
453
magnetic RAM, 318
main memory, 309
mass tramsport, 53
Material Conductivity, 433
MATLAB, 296
maximum vaporization rate, 135
mechanical stress, 207, 208
Memory
Control Unit, 318
management unit, 324
MEMS, 23, 24, 29, 30, 35, 37, 42, 45-47,
133
MEMS inertial sensors, 23, 24, 29, 46, 47
Metal Oxide Semiconductors, 427
Metal Oxide-Coated Silica, 460
metallization, 290, 293, 297, 299-303
Metals Thin Film Deposition, 127
metal-semiconductor interface, 129
metastable phases, 188
micro-cantilever, 24, 29-31, 33-35, 37-43,
45, 47
micro-compression, 24, 25, 27-29
microemulsion, 446
microhardness, 108, 109
Microhotplate, 49
micro-pillar, 25-27, 46
micro-Raman scattering, 205
microstructural, 445
Microstructure, 443
Microstructure Enhancements, 452
microwave transistor, 278
microwaves, 223
advantages of microwave heating, 223
heating mechanism, 223
Migration phenomena, 52
Mixed Composite Structures, 446
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mixed-mode, 290, 291, 292, 293, 296, 300,
303
Mobility of Charge Carriers, 434
mobility spectra analysis, 258
molecular beam epitaxy, 138, 254
Molecular Beam Epitaxy, 139, 145
MOS Gas Sensors
Silica, 452
MOSFET, 394
multi-carrier fitting, 259, 273
multifinger layout, 289
multi-layered, 24, 25, 27-29, 31, 37, 39, 42,
44, 46, 47
multimode waveguides, 190
multiphase waveguides, 199, 209
multiple subband transport, 260

N
Na diffusion, 119-122
Na diffusion in Ge, 121
Na-doped germanium, 89, 99
nanocasting method, 453
nanoflower, 452
nanomaterials, 221
metal oxides, 221
nanofilms, 221
nanopowders, 221
near interface oxide traps (NIOTs), 395
n-GaAs, 127
n-GaSb, 127
Nickel oxide, 430
non-invasive attack, 310
Non-linear Materials, 74
normal temperature grdient, 62
N-type semiconducting property, 428
n-type semiconductor, 427

O
Off-cut angle, 407
4º off-axis, 407
8º off-axis, 407
On-axis, 407
old scrambling vector, 330
OM, 29-31, 33, 35-40, 42-44, 47
one-step microemulsion method, 483
on-state resistance, 301, 302, 303
operating system, 309
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optical
germanium, 89, 90, 99, 103-105, 110,
122
losses, 190, 194
mode spectra, 187
probing, 312
profile, 184, 188, 193
transmission, 93, 94, 97, 99, 101, 102,
122
waveguides, 183
optical-grade germanium, 114
ordered porous structure of metal oxide,
453
outdiffused waveguide, 189
output power density, 281
rising, 282
Overflow Effect, 441

P
Palladium
chemical deposition, 152
films, 152
parameters of impurities, 120
Petri dishes, 132
p-GaSb, 127
Phase
Change Memory, 319
changes, 52
composition, 185, 186, 196, 200
model, 192
phase-characteristic bands, 202
phonon scattering, 396
Photoluminescence, 256
physical filter, 453
piezoelectric scattering, 262, 267
plaintext, 312
Plate Strengthening, 103
Plates, 100, 101, 103, 105, 107, 108, 112
polar optical-phonon scattering, 263, 267
polytypes, SiC
15R-, 396, 398
3C-, 396, 397
4H-, 396, 398
6H-, 396, 398
Polytypes, SiC, 396
porosity, 103, 104, 109, 122
Post Oxidation Annealing (POA), 398
power

dynamic, leakage, 363-365, 375, 376,
379, 381, 382, 388-390
analysis, 322
precipitation, 446
PRINCE, 314
profiles of the element distribution, 258,
270
propanolol, 132
protecting screens, 90
protective Ge:Na screens, 122
protective screens, 99, 100, 102, 103
Proton
exchange, 184
redistribution, 198, 206
sources, 184, 186
pseudo-random
generator, 316
number generator, 329
Pt/SnO2 Based CO Gas Sensor, 462
p-type semiconductor, 427
PVT
corner, 367, 370, 371, 373, 375, 381,
382, 384, 385, 387, 388

Q
quantum Hall edge conduction, 85
quartz crystal deposition, 138

R
Raman
scattering, 202, 203
spectrum, 107, 110
random
masking, 352
vector, 316
RC thermal network, 289
real-space transfer effect, 253, 277
reed-solomon codes, 346
remanence, 308
resistance-time, 56
Response and Stability of Gas Sensors, 464
retention time, 308
reverse engineering, 316
ripening, 453
Rivest, Shamir and Adleman, 314
Role of the Interface, 450
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Rutherford Backscattering Spectroscopy,
139

S
sample size effect, 25, 29
saturated electron-drift velocity, 276
Sb
impurity, 121
solubility, 98, 115
scanning electron microscope. See SEM
Scanning Electron Microscopy, 139
Scanning Microwave Impedance
Microscopy
sMIM, 69
scattering, 93, 94, 99, 102, 107, 115, 122
Schottky, 294
barrier, 127, 129
devices, 134
Schottky-Mott Rule, 130
scrambled data, 316, 321
scrambler, 316
table, 330
scrambling
circuit, 324
vector, 321
screening effect, 261
Secondary Material, 445
secure memory, 310
SEM, 31, 37, 38
Semiconductor
Device, 80
materials, 127
Semiconductors, 73, 426
semi-invasive attack, 310
Semi-trusted Boundary, 315
sensitive data, 309
Sentaurus, 291, 292, 293, 295, 303
session key, 313
set address
synchronized, 331
unsynchronized, 331
side-channel attack, 310, 322
Silica
as a Mesoporous Template, 453
Silica/ZnO Core/Shell Nanostructures, 482
Silicon Carbide (SiC), 393
simple power analysis, 324
single crystals, 89, 91-93, 95-97, 99, 100,
102, 103, 109, 115, 121
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single
error correct-double error detect, 346
layered, 29-34, 36, 37, 42, 47
sintering, 453
slew rate, 370, 380, 381, 386-388
SnO2 Decorated Silica Sensors, 468
sol-gel, 446
sol-gel techniques, 222
microwave assisted sol-gel method, 224
sol-gel method, 222
solubility, 89, 91, 94, 98, 104, 113-115,
121, 122
solubility of Sb in Ge, 94
spectra deconvolution, 198
Spectral Data Processor, 140
SPICE, 296
Spill-over Effect, 450
spin- or dip-coating, 448
splitting of δ-layers, 269, 275
sputtering, 447
squared matrix element, 261
st controler, 331
stacking of ZnO nanoparticles, 491
static
polarizability matrix, 261
RAM, 311
Stranski-Krastanov (S-K) growth mode,
490
strengthening, 122
stress induced failure, 52
Structural Stability, 463
structure stability, 24, 29, 31, 33-47
Structures Decorated with Second-phase
Particles, 447
sublattice, 448
surface
roughness, 396
roughness scattering, 402
segregation, 449
Surface/Grain Modification, 455

T
technology modifications, 187, 191
temperature
dependency, 43
gradient, 53
inhomogeneity, 59
templating, 447
The physiochemical properties, 433
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The Role of Dopants in the Stability of Gas
Sensors, 466
thermal
crosstalk, 289
evaporation,, 448
gradient, 53
model, 290-293, 295, 296, 300
stability, 455
Thermo-catalytic, 49
thermomechanical stability, 51
thin
films, 133, 141
metal films, 130
Threshold Voltage Instability, 409
Drift in boron doped oxides, 413
Drift in different interface dopants, 414
Drift in Nitrided gate oxides, 411
Drift in phosphorus doped oxides, 412
Evaluation, Bias Stress Instability (BSI)
test, 409
High-Speed (HS) measurement, 414
Mechanism, 410
New measurement procedures, 414
Non relaxation (NonRlx) method, 414
Ti/Au, 24-39, 42-44, 46, 47
Time-Dependent Dielectric Breakdown
(TDDB), 401
Tin dioxide, 428
TiO2 based nanofilms, 237
AFM, 239, 240
dip-coating technique, 237
multilayer deposition, 237
refractive index, 240, 241
SEM, 237, 240
transmission spectra, 240
various substrates (glass,SiO2/glass, Si),
240
XRD, 239, 240
TiO2 based nanopowders, 237
EGA, 244, 245
gels, 244
TG/DTG/DTA, 244, 245
tip deflection, 37, 42, See ∆htip
transconductance, 280
transistors
thin oxide, NMOS, PMOS, 363, 364,
369, 370, 384, 386, 389
transmission, 91, 93, 94, 97, 99, 101
electron microscopy, 255
transmission of IR, 91
transport scattering matrix, 260

TRESOR, 314
trichloroethylene, 132
true random number generator, 328
trusted boundary, 312
Tungsten trioxide, 429
two-step microemulsion method, 482

U
ultrasonic processing, 103-112, 122

V
Vacuum
deposition, 134
deposition chamber, 137
evaporation, 134
valance band, 426
valid bit, 333
variable-field Hall measurements, 258
vibration spectra, 194
Vickers microhardness, 108, 112
visible pyrometry, 59
volatile memory, 309

W
waveguide
characterization, 187
Raman spectroscopy, 202, 205
weakening of Coulomb scattering, 269
Weibull
distribution parameter, 103
model, 113
wide
band gap, 428
Band Gap (WBG), 393
write-back, 310
write-through, 310
wurtzite, 428

X
X-ray
diffraction, 97, 111, 112
photoelectron spectroscopy, 210, 139
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Y
yield stress, 27, 29
young scrambling vector, 330
youth flag, 330
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Z
Zinc oxide, 428
zinc-blende, 428
structure semiconductor, 141
ZnO nanosheets, 488
σE. See engineering stress

