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Abstract: In this paper a detailed investigation of novel photonic sensors based on slot waveguides
has been carried out. Appropriate alloys of group IV materials, such as germanium (Ge), silicon (Si),
carbon (C) and tin (Sn), are applied in silicon-on-insulator (SOI) technology for homogeneous optical
sensing at 2.883 um and 3.39 um. Electronic and optical properties of group IV alloys have been
investigated. In addition, we have designed novel group IV vertical slot waveguides in order to achieve
ultra-high sensitivities, as well as good fabrication tolerances. All these features have been compared
with well-known SOI slot waveguides for optical label-free homogeneous sensing at 1.55 um. In
conclusion, theoretical investigation of ring resonators based on these novel slot waveguides has
revealed very good results in terms of ultra high sensing performance of methane gas, i.e., limit of
detection ~ 3.6x10” RIU and wavelength sensitivity > 2x10° nm/RIU. Copyright © 2012 IFSA.
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1. Introduction

Photonic label-free sensors for homogeneous optical sensing have been investigated and fabricated in
the last decade because of their high performance, in particular high sensitivity (S) and ultra-low limit
of detection (LOD) [1]. Nowadays, a novel field of application, i.e. mid-IR gas optical sensing, is
investigating. Reasons that encourage this novel field of interest are mainly related to environmental
monitoring, for example attention to harmful gases like carbon dioxide (CO,), carbon monoxide (CO),
methane (CH4) and sulfur dioxide (SO;), to name a few [2-3]. In addition, all previous gases are

212


http://www.sensorsportal.com/

Sensors & Transducers Journal, Vol. 14-1, Special Issue, March 2012, pp. 212-230

characterized by absorption spectra in near mid-IR, especially in the range 2-8 um. Then, ingenious
techniques are needed to extend group IV Photonics from near-IR to mid-IR wavelength range [4-5].

In this paper, novel group IV vertical slot waveguides are investigated at two mid-IR wavelengths,
2.883 um and 3.39 pm, by using full-vectorial 2D Finite Element Method (FEM) [6]. We have
analyzed the influence of slot waveguide geometrical parameters (slot gap region, height and width of
slot wires) and their optimization, in order to improve the field confinement in the slot region, thus the
sensing performance in terms of homogeneous sensitivity (S) and limit of detection (LOD). A novel
approach is developed to achieve the best alloys of group IV materials enabling ultra-high sensing at
mid-IR wavelengths.

It is known that the integration of high performance slot waveguides in resonant architectures such as
ring resonators, micro-disks and racetrack resonators, allows to achieve ultra low LODs and high
wavelength sensitivities for chemical and biochemical sensing (e.g., glucose detection, DNA
sequencing by hybridization, early tumor diagnosis in biomedical applications, gas sensing, and so on).

Moreover, the CMOS-compatible technology can ensure photonic sensor mass-scale production
enhancing, at the same time, the photonic biochemical sensor performances, particularly in the areas of
light-analyte interaction, device miniaturization and multiplexing, and fluidic design and integration.
In this context, optical Lab-on-a-chip systems based on photonic biochemical sensors represent the
state of the art of photonic sensing.

2. Theoretical Investigation of Slot Waveguide Structures

Slot waveguides represent a very interesting and promising architecture for photonic chemical and bio-
chemical sensing. In fact, it is possible to confine an extremely high optical field in a low refractive
index (RI) region, well known as a slot region. Its physical and theoretical investigation enables to
understand how this feature is characterized and which are the most important parameters involved in
this phenomena. In Fig. 1, schematic top and cross-sectional views of a typical slot waveguide are
sketched. In particular, the structure consists of a thin low-index (7;) slot embedded between two high-
index (ny) regions (wires).
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Fig. 1. Top (left) and cross-sectional (right) views of a standard SOI single-slot waveguide.

Due to the large index contrast at the interfaces, the normal electric field (£-field) undergoes a large
discontinuity, which results in a field enhancement in the low-index region [7]. In fact, in Eq. (1) E. is
the E-field in the slot region, while £} is the E-field in high index regions (Si-wires):
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Thus, the larger the refractive index contrast (An = ny — n;) between slot region and Si-wires, the
stronger the field confinement in the slot area. A SOI vertical slot waveguide, characterized by
geometrical parameters w = 180 nm, # = 324 nm, g = 70 nm, and simulated at A = 1550 nm (ng; = 3.45,
nsio2 = 1.45, ng, = 1), can exhibit a very high field confinement in the slot region, due to the high
refractive index contrast (An = 2) of the structure, as shown in Fig. 2.
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Fig. 2. E,-field intensity and spatial distribution of the TE-polarized slot mode in SOI.

In vertical slot waveguides, the principal electrical field component undergone discontinuities is the
E.-field one, simply because x-direction is the only one subjected to refractive index change in the
optical confinement area. For this reason, the investigated fundamental eigenmode is TE-polarized.

In this paper, the most important parameters taken into account for optimization and design of novel
group IV-based SOI slot waveguides, are field confinements in different regions of interest (cover and
slot), as well as sensitivity for homogeneous sensing. In particular, optical power confinement factor
can be defined as the fraction of total power, confined and guided in the region of interest, i.e. in the
cover medium /. and in the slot region 7, as follows:

) E(x,y)zdxdy
[ === 2 (2)
) E(x,y)‘ dxdy

I} E(x, y)rdxdy
Fs =2 ~ 2 (3)
JT|ECx, )| dxdy
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In Eq. (2) and (3), the integrals are calculated inside the regions of interest (cover C, and slot S). In
case of homogeneous sensing, when the effective index change is produced by a change of cover
medium refractive index, the sensitivity Sj, is defined by the following expression [8]:

B 8neﬁ,

S
" om,

2-n° = 2 2-n°-T ~ 2
=——=|||E(x,y)| dxdy =——=|||E(x,y)| dxd
=’ 770'P'[CH ( y)‘ g ny P J;J;‘ ( J’)‘ g

)
P (Bx 4 E i) iy

where n.yis the propagating mode effective index, n. is the cover medium RI, n.” is the unperturbed
value of n., n is the free space impedance (377 ), z is the unit vector of the propagation direction,

and E,H are the electric and magnetic field vectors, respectively. From Eq. (4), it is evident that the
waveguide sensitivity Sj linearly depends on the optical field confinement factor in the cover medium
(I.). By this way, the practical approach used for the optimization consists in obtaining the maximum
E,-field confinement in the cover medium, in particular in the slot region (/), which is a sub-domain
of the whole integration domain selected in Eq. (2). The rigorous numerical approach based on 2D
full-vectorial FEM has been applied in order to find the optical properties of each structure in terms of
Reff. Fc 5 Fv, and Sh.

2.1. Sensing Principles

In general, chemical and biochemical integrated photonic sensors are based on three fundamental
physical sensing principles: homogeneous sensing, surface sensing and optical absorption. The first
one has been already considered in the previous paragraph and it will be used in this paper for design
purposes. In fact, by assuming that the slot waveguide (see Fig. 2) is initially exposed to air
(nair =1 @ A = 1.55 um), when a specific gas (e.g., He, CO,, Ar, N,, C,H,) will cover the sensor
surface, a cover refractive index change An. will be caused (e.g., ny2 = 1.000294 @ A = 1.55 pum, thus a
cover refractive index change An. = ny; - ng,= 0.0294 % is induced), producing a small effective index
change An.y of the guided optical mode, which can be measured by an appropriate readout approach

[9].

In surface sensing, a change of modal effective index n.; of the propagating optical signal is due to a
change of thickness of an ultra-thin layer of selective receptor molecules, which are immobilized on
the functionalized waveguide surface, as sketched in Fig. 3.

ZOOM (scale &——— =~ 5nm)
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Fig. 3. Schematic representation of surface sensing in a typical SOI slot waveguide.

Thus, if the thickness of the sensor surface layer is initially set to py before exposing to the chemical
sample, the final thickness p will be py + p; after the selective adsorption, being p; the ad-layer
thickness. This thickness change Ap will induce an effective index change An.y, so defining a surface
sensitivity as:
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o i
Sg=—2 An,, =——CL [[IE(x,y) dxd
= 2 . where ANy P {A” (x J/)‘ xdy (5)

In Eq. (5), n, is the molecular ad-layer refractive index and M is the region in which the ad-layer
increases. Optimized slot waveguides, working at A = 1550 nm, can exhibit a surface sensitivity better
than 10 nm™ [8].

Both homogeneous and surface sensing identify a photonic sensor type called “refractive index
sensor”, because the transduction process consists in a modal effective index change in both principles.
On the contrary, the last sensing principle based on optical absorption involves the measurement of the
propagating mode optical intensity, instead of its effective index. The absorption coefficient a (cm™)
depends on the operative wavelength of the photonic signal and on analyte (e.g., gas, solid, liquid
solutions) electronic and optical properties. By this way, it is possible to detect gas species or chemical
analytes with high sensitivity and selectivity, by simply analyzing the transmission spectra of the light
intensity in a suitable wavelength range. In particular, the photonic signal intensity is related to the gas
or analyte concentration via the Lambert-Beer law:

I=1Iexp(—al); a=¢C, (6)

where [/ is the light intensity at the end section of the interaction path length L, /, is the light intensity at
the initial section of the device sensible area, ¢ is the molar absorptivity and C is the concentration of
absorbing species in the solution. Then, it is possible to register steep peaks in the transmission spectra
corresponding to specific operative wavelengths, properly selected among the absorption wavelengths
of species to be detected, as shown in Fig. 4 in case of some gases. Integrated photonic sensors based
on optical absorption exhibit ultra low LOD, of the order of pg/mm” or ng/mL.
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Fig. 4. Absorption spectra of harmful gases and chemical substances in mid-IR.

3. Novel SOI Slot Waveguides Based on Group IV Materials and Compounds

In this section, different combinations of group IV materials, i.e. germanium (Ge), silicon (Si), carbon
(C) and tin (Sn), are presented to form slot optical waveguides, as sketched in Fig. 5 [10].

FEM approach has been used for the optical analysis of these structures. In FEM mesh generation for
effective index and modal profile calculation, triangular vector-elements have been adopted with at
least 30,000 elements. In particular, the whole domain region has a total area of 9 pm? (4 x 2.25 pm?).
Changing the boundary condition from a perfect electric to a perfect magnetic conductor, only a

216



Sensors & Transducers Journal, Vol. 14-1, Special Issue, March 2012, pp. 212-230

negligible influence on results occurs. In all simulations, the buried oxide layer is assumed very thick,
1 um that is why the silicon substrate is not shown in Fig. 5.
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Fig. 5. SOI slot waveguides based on different combinations of group IV materials and alloys.

The first step of the study and optimization of these novel slot waveguides consists in the material
optical and electronic characterization. To this purpose, refractive indices of Si, Ge, C, Sn and SiO,,
have been calculated by considering Sellmeier dispersion equations [11-13]. Consequently, linear
interpolation has been implemented in order to estimate the optical properties of all alloys shown in
Fig. 5 at both mid-IR wavelengths, 4 = 2.883 um and 4 = 3.39 pum [14]. In particular, linear
interpolation has been applied to derive refractive indices of group IV alloys from those of each single
element, each one weighted by the corresponding percentage with which it compares in the specific

alloy, i.e., My =nyx+n,(1-x) for each Y,Z;x compound. All numerical results calculated by the
theoretical model are listed in Table 1.

At mid-IR wavelengths, it is very important to analyze and ensure very low propagation losses. In fact,
the longer the wavelength the greater the spatial distribution of the E-field in the guided region. In this
way, it is clear that a percentage of the total confined optical field, will interact and distribute into the
buried oxide layer. A lot of investigations have been carried out in order to measure and predict
propagation losses of different well-known technologies [15]. In particular, using linear interpolation
and assuming that a significant fraction (30 %) of the guided-mode power is confined in the buried
insulator layer, the estimated wavelength range is from 1.2 um to 3.6 um for silicon-on-insulator (SOI)
configuration with propagation losses less than 1 dB/cm. On the other hand, the very high value of
absorption coefficient into the buried silicon oxide layer could compromise the behavior of the guided-
wave photonic sensors. As it is know, the absorption coefficient for the bulk silicon oxide presents a
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spike in the wavelength range 2.6-2.8 um. Consequently, 2.883 um represents the limit wavelength at
which buried oxide exhibits propagation losses higher than 1 dB/cm, but still acceptable for pm-size
integrated lab-on-chip (~ 2 dB/cm). Moreover, strain-balanced Ge,Sn;.,-SixGeySni.«, multiple-
quantum-well lasers are available now at the operative wavelength of 2.883 pm [16]. Obviously, it is
necessary to confine a high percentage of FE,-field in the slot region in order to prevent high
propagation losses.

Table 1. Refractive indices of group IV materials and alloys @ 2.883 um and @ 3.39 um.

Compounds |RI @ 2.883 pm | RI @ 3.39 pm
Ge 4.048 4.035
Si 3.434 3.429
SiO, 1.502 1.488
Sig.15Geo g5 3.956 3.944
Sig.08Geo.91Co.01 3.982 3.970
Sig.03Ge0.785n0.14 4.320 4.296
Ge.97Co.03 3.998 3.985
Geo.01Sn9,09 4.255 4.234

Thus, for an operation wavelength of about 2.883 pm, it becomes crucial to hold the propagation
losses less than 2 dB/cm in order to realize pm-size integrated lab-on-chip systems. In this sense, it is
essential to guarantee two different conditions: 1) the material system proposed must have very low
propagation losses in the mid-IR region; ii) the fraction of guided-mode power in the buried insulator
layer must be significantly low. For what concerning the first condition, each material system
configuration proposed by us exhibits specific optimized infrared wavelength ranges of operation. For
example, the Ge-on-Si material configuration is characterized by the operative range 1.9-16.8 pm and
140-200 um at 300 K, where the fundamental mode propagation loss is less than 2 dB/cm.
Analogously, the material systems SiGe and SiGe-on-Si, shown in Fig. 5 (b)-(c), respectively, exhibit
both operative wavelength ranges, 1.6-12 pm and 100-200 um. In addition, material systems based on
GeSn alloy and GeSn-on-Si configuration, as in Fig. 5 (f)-(g), exhibit low propagation losses
(<2 dB/cm) in the range 2.2-19 um, as well as the alloy SiGeC and the material system SiGeC-on-Si.
Therefore, the limiting factor is represented by the losses into the SiO, buried layer. To give an
estimation of losses, it is useful the following relationship [15]:

(prop) __ (bulk) (bulk)
Ao =T oy + g ago s (7)

where T,

s 1 g0, are the optical power fractions in high index (HI) material and silicon oxide layer,

respectively, and aj;", ey are the relative bulk optical losses. Thus, the total losses could be

controlled by reducing the fraction of the guided-mode power in the buried insulator, as lower than
30%. In fact, in optimized slot waveguides the optical mode propagates in air (slot region), as
previously shown in Fig. 2.

Finally, last considerations concern with the definition of compositional spaces selected for material
systems and alloys. As shown in Table 1, each group IV alloy is characterized by a compositional
space identified by a precise set of material titles. The design criteria selected for the optical and
electronic characterization consists in imposing a high refractive index of slot wires in order to
maximize the E,-Field confinement in the slot region, as given in Eq. (1). In addition, bandgap
engineering allows to set the electronic bandgap of alloys higher than the photon energy (£,) at both
mid-IR operative wavelengths (E,= 0.4304 eV @ 2.883 pm, E,= 0.366 eV @ 3.39 pm), assuring
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structure optical transparency [14]. Thus, it is possible to prevent absorption losses, according to above
explained requirements and aspects.

3.1. Slot Waveguide Optimization and Performance

Slot waveguides are characterized by a number of geometrical parameters, i.e. wire width w, silicon
thickness ¢ and alloy layer thicknesses indicated with s, and /4, and slot region gap g, as sketched in
Fig. 5. In particular, the whole wire height is H =¢+s+/h. All these parameters define a geometrical
multi-dimensional space that can be generally identified by the following expression:

<h,g,t, w,s> (8)

The optimization process consists in calculating the unique geometrical configuration that allows to
achieve the best performances (Sh max, ¢ max, Is max), for a given slot waveguide. The method
consists in an iterative procedure. In particular, several steps are needed by changing one dimension of
the geometrical space of Eq. (8), one at one time, and simultaneously fixing all other ones during the
same iteration. This iterative method enables to set the optimized waveguide geometrical architecture
and it is used for each optimization procedure presented in this paper. In particular, in Table 2 it is
possible to analyze all optimized geometrical configurations each one indicated with the abbreviation
“Type-letter” referring to Fig. 5, in order to simplify the notation.

From Table 2, it is possible to note that all slot waveguides optimized at 3.39 pum are slightly greater
than those optimized at the lower wavelength A = 2.883 um. This difference is due to the fact that the
longer the operative wavelength, the greater the spatial distribution of the E\-Field in the guided
region.

Table 2. Optimized slot waveguides designed at ;= 3.39 um and 4,= 2.883 um.

W [nm] hnm] | g[nm] | t[nm] | S [nm] Sh.max
Slot Waveguide /11 12 l] },2 l] ),2 },1 /12 /11 12 },1 ),2
Type a 410 | 350 | 660 | 530 | 60 | 50 |40 {40 0 | O | 1.096 | 1.076
Type b 400 | 370 | 690 | 570 |60 |60 | O | O | O | O | 1.081 | 1.020
Type c 400 | 360 | 680 | 550 | 60 | 50 | 50 (40| O | O | 1.095 | 1.047
Type d 400 | 360 | 710 | 570 |60 | 50| O | O | O | O | 1.093 | 1.042
Type e 400 | 360 | 690 | 550 | 60 | 50 {30 | 30| O | O [ 1.097 | 1.048
Type 380 | 290 | 520 | 480 | 50 | 50 [ 20| 20 | 50 | 50 | 1.156 | 1.150
Type g 390 | 340 | 560 | 450 | 50 | 50 | 20| 20 | 50 | 50 | 1.156 | 1.128

In Figs. 6-8, parametric investigations of sensitivity S;, cover field confinement /. and slot field
confinement 7 are shown as a function of the slot gap g, for each optimized slot waveguide sketched
in Fig. 5. In particular, all following plots graphically represent the last iterative procedure of the
whole optimization process. In fact, the only parametric geometrical variable considered in the
following graphs is the slot gap g, because all other dimensions (¢, /, w, s) have been already optimized
by the iterative approach described above.

Interesting results have been obtained about sensing performances. In fact, in all waveguide
configurations at both mid-IR wavelengths, sensitivities can be better than 1 (see Table 2). This means
that an effective index change An.;> An. is induced by a cover index shift An.. Although highest
sensitivities require a minimum slot gap as g ~ 50-60 nm in all configurations, some practical
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considerations can be derived. In fact, g = 50 nm is a very small slot gap, very difficult to be achieved
by standard lithographic techniques. However, it is possible to see in Fig. 6 how slot gap values near
100 nm can still assure high sensitivities (S, ~ 1), in all considered slot waveguides.
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Fig. 6. Sensitivity as a function of slot gap g for optimized slot waveguides with different compositions

of group IV materials, at 2.883 um and 3.39 pm.

Moreover, optimized architectures designed at 3.39 um exhibits better performances because S, > 0.9,
even for g = 120 nm. For slot gap values greater than ~ 100-120 nm, sensitivities significantly decrease
because of the low field confinements in cover and slot regions, as shown in Fig. 7.
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Fig. 7. Cover E,-field confinement as a function of slot gap g for optimized slot waveguides with different

compositions of group IV materials, at 2.883 pm and 3.39 pm.

In Fig. 8, confinement factors in slot region have been plotted for all slot waveguides, as a function of
the slot gap g. In particular, it is possible to observe that a great percentage of the optical slot-mode is
confined in the slot region, being this one a sub-domain of the whole cover region.
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Fig. 8. Slot £,-field confinement as a function of slot gap g for optimized slot waveguides with different
compositions of group IV materials, at 2.883 um and 3.39 um.

Important considerations concerning with the analysis of Figs. 6-8, can be carried out. In particular,
slot waveguides labeled as “Type b”, “Type f and “Type g’ exhibit interesting performance at
3.39 um. In fact, sensitivities and consequently confinement factors in cover medium and slot region,
still remain high (S, ~ 0.9, I, ~ 0.8, I’y ~ 0.65) for slot gap g > 140 nm. This represents a very
interesting property that can certainly relax the fabrication tolerances. In addition, it is possible to
observe how sensitivities and confinement factors for homogeneous sensing are all characterized by
similar analytical trends. In fact, S, proportionally depends on I, according to Eq. (4).

In Fig. 9, it is possible to see the characteristic trend affecting effective indices in each investigated
SOI-based waveguide configuration. The following plots can be considered as mode-propagation
maps, enabling to predict the slot waveguide modal behavior.
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Fig. 9. Waveguide TE effective indices as a function of slot gap g, at 2.883 um and 3.39 um.

In particular, at both operative wavelengths, effective indices monolithically decrease by enlarging the
slot gap from the initial value of 50 nm. In fact, the larger the slot gap, the greater the E,-field spatial
distribution confined in the low index region (slot region). However, an increase of the effective index
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trend is evident for a slot gap g > 140 nm for some slot waveguides optimized at 2.883 pum and
3.39 um (see Fig. 9). This feature can be explained since the slot fundamental mode is no longer
guided when g > 140 nm. Thus, the operative range for the geometrical parameter g is extended from
50 nm to 140 nm, for the design of SOI-based slot waveguides.

In conclusion, theoretical investigation presented in this section reveals how the best material
combination for mid-IR photonic sensing is characterized by Si¢sGeo738Sng.14-0n-Geg 97Co.03-0n-Si
material system. In fact, this slot waveguide exhibits higher sensitivity for a wide range of g values,
with respect to other configurations, although their performances are not very different.

4. Fabrication Tolerances and Second Order TE-Polarized Slot Modes

All waveguide configurations shown in Fig. 5, represent an ideal approximation of realistic photonic
slot devices. In fact, ideally vertical sidewalls are very difficult to fabricate by etching e.g., inductively
coupled plasma (ICP), especially for high aspect ratio structures. Thus, it is needed to analyze the
fabrication tolerances in order to complete the theoretical approach used for the design and
optimization of slot waveguides. In particular, it is needed to distinguish between already analyzed
ideal SOI slot waveguide structures with vertical sidewalls (6 = 0°) and realistic ones, with non-
vertical sidewalls (6 # 0°), as sketched in Fig. 10.

w g W

S10>

Fig. 10. Schematic representation of fabrication tolerances for SOI-based slot waveguides.

To this purpose, we have considered optimized slot waveguides described in the last paragraph using a
different slot gap, i.e. g = 100 nm instead of 50 nm. Thus, same parameters with different values of
angle @, in the range from 0° (vertical sidewalls) to 10° (non-vertical sidewalls), have been evaluated.
Results are sketched in Fig. 11 in terms of sensitivity versus tilting angle 6. By observing Fig. 11, it is
evident that the greater the tilting angle 6, the smaller the sensitivity. In particular, the maximum
tolerance is identified by the angle § = 4° for all analyzed SOI slot waveguides. In fact, homogeneous
sensitivities significantly decrease for tilting angles 6 > 4°. Moreover, the slot waveguide “Type f’ is
the best configuration in terms of fabrication tolerances.

In particular, by increasing the tilting angle 6, the E\-field spatial distribution in the low index region
significantly decreases because of the smaller area of the slot region. Consequently, all performance
parameters, i.e. S, I, and I, will be strongly decreased (see Fig. 11). In summary, the geometrical
parameter 6 can be considered another dimension to be included in the multi-dimensional geometrical
space, as in Eq. (8), optimized by implementing the previous iterative method.

4.1. Second Order TE-Polarized Slot Modes

An important property of the optimized slot waveguides, investigated in this paper, is the presence of a
second order TE-polarized slot mode-propagation, as plotted in Fig. 12. This property is due to the
large dimensions of slot waveguides designed at mid-IR wavelengths. Consequently, it is possible to
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select optimized slot structures as multimodal guided-wave structures. Analytical trends of
homogeneous sensitivity are quite different with respect to those that have been already obtained for

TE slot fundamental mode.
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Fig. 11. Sensitivity as a function of the tilting angle € for different slot waveguide structures, simulated at
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Fig. 12. Homogeneous sensitivities calculated for the second order TE slot modes, propagating in SOI-based
slot waveguides, optimized at 2.883 pum and 3.39 um.

In particular, it is possible to recognize a maximum peak corresponding to the best sensitivities for the
same optimized slot waveguide structures as before, with g in the range 160-170 nm, as shown in
Fig. 12. In addition, slot waveguides based on SipsGeo78Sng 14-0n-Ge 91Sng g9-on-Si material system
(“Type ), representing one of the best configurations for the fundamental slot-mode propagation as
previously analyzed, are the worst in this case. In fact, they exhibit the lowest sensitivity at both
operative wavelengths, as compared to all other slot configurations.

In conclusion, the principal advantage induced by the propagation of the second order TE-polarized

slot mode at both mid-IR operative wavelengths, consists in the possibility to relax the fabrication
tolerances. In fact, high performance (S, ~ 1) can be achieved with larger slot region gaps
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(g ~ 160-200 nm), with respect to g values around 50-60 nm, previously obtained for fundamental
mode (see Fig. 6).

5. Comparison between Standard SOI-Based Slot Waveguides Optimized
at 1.55 pm, 2.883 pm and 3.39 pm

An interesting comparison between standard SOI slot waveguides (see Figs. 1-2) has been performed,
by considering all optimized structures with highest sensitivity at 3.39 pum, 2.883 um and 1.55 pm
telecommunication wavelength. In Table 3 geometrical variables of optimized standard SOI slot
waveguides are listed for each operative wavelength considered in our simulations. In particular, it is
possible to observe that the longer the wavelength, the greater the waveguide sizes according to similar
investigations already done about optimized slot waveguides based on group IV material systems (see
Table 2).

Table 3. Optimized standard SOI slot waveguides designed at 1.55 pm, 2.883 um and 3.39 um.

Wavelength [nm] | w [nm] | h [nm] | g [nm] | Spmax
1550 230 500 50 0.880
2883 450 650 80 0.831
3390 520 800 100 0.866

In Fig. 13, sensitivities (5;) can be observed for a comparison between different slot structures.

Sensitivity Ei]

—p— Si-on-3i0; @ 3.39 um
078k —@— Si-on-5i0, @ 2.883 um

—— Si-on-Si0, @ 1.55 um
2 !

U ?G 1 1 1 1 1 1 1 1
50 G0 70 30 40 100 110 120 130

Slot gap g [nm]

1
140 150

Fig. 13. Sensitivity as a function of slot gap g calculated for optimized SOI slot waveguides, designed and
simulated at 1.55 pm, 2.883 um and 3.39 pm.

Moreover, analogous investigations about confinement factors /7, and 7 have been carried out, as
shown in Fig. 14. Standard slot waveguides, as analyzed above, exhibit acceptable performance for
homogeneous sensing (S, ~ 0.8-0.9) at each operative wavelength, as considered in the theoretical
investigation.
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Fig. 14. Confinement factors /., and 7 as a function of the slot gap g calculated for optimized SOI slot
waveguides, designed and simulated at 1.55 um, 2.883 pm and 3.39 pm.

However these performances and, in particular, the sensitivities are lower than those obtained using the
novel slot structures based on group IV alloys, as proposed in this paper (S, > 1). In addition,
numerical results demonstrate that standard SOI slot waveguides are characterized by lower fabrication
tolerances with respect to novel slot waveguides based on group IV material systems. In fact, in
Fig. 15 (left) it is possible to observe that, for tilting angles 6 > 2°, sensitivities quickly decrease to
unacceptable values for sensing applications, at each of three operative wavelengths.

By this way, the immediate solution to the problem of fabrication tolerances, could include the etching
process optimization for the fabrication of slot-based photonic devices. For example, it is possible to
improve both selectivity and anisotropy of the process in order to obtain lower tilting angles and,
consequently, square-like geometries of slot wires. However, it is important to ensure large tolerance
margins for tilting angle in order to simplify the fabrication processes. To this purpose, novel slot
waveguides optimized at 3.39 um and 2.883 pm, satisfy this important design requirement.

The analysis has been completed by the investigation of the second order slot mode propagating in
standard slot waveguides presented above. Interesting results have been shown in Fig. 15 (right). In
fact, although at both mid-IR operative wavelengths (2.883 pm and 3.39 pum), functional shapes are
quite similar and reflect analogous behaviors like those analyzed in previous numerical results (see
Fig. 12), optimum sensitivities are the lowest obtained until now. In fact, the standard SOI slot
waveguide optimized at 3.39 um exhibits a sensitivity of 0.856 at g = 190 nm, while that optimized at
2.883 um is characterized by a sensitivity of 0.79 at g = 200 nm.

Last consideration concerns with the theoretical demonstration of the impossibility to excite the second
order TE-polarized slot mode in the standard SOI slot waveguide optimized at the telecommunication
wavelength, 4 = 1.55 pum. The absence of this modal propagation is justified by the smaller dimensions
of this waveguide versus similar structures designed at greater wavelengths (see Table 3).

6. Integrated Ring Resonators for Homogeneous Sensing in Mid-IR

The integration of novel photonic slot waveguides based on group IV material systems in sophisticated
photonic architectures, such as ring resonators, is expected to be an efficient readout technique,
showing very interesting performance in terms of wavelength shift per refractive index unit (RIU).
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This possibility has been also simulated and some values of wavelength sensitivity (WS) Ai/n. and
limit of detection (LOD), defined as in Eq. (9), have been calculated for ring resonators based on
optimized structures presented in the previous section (see Table 2):

—a&— Si-on-Si0, @ 3.39 um i
—&— Si-on-Si0, @ 2.883 um 0.8

—#— Si-on-Si0, @ 1.55 um
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Fig. 15. Sensitivity as a function of the tilting angle 8 calculated for optimized SOI slot waveguides, designed
and simulated at 1.55 um, 2.883 pum and 3.39 um (left). Sensitivity calculated for second order TE slot mode in
SOI-based slot waveguides, optimized at 2.883 pm and 3.39 pm (right).

gy (air) ws’

ws=S

slot

where Sy, is the homogeneous sensitivity of the optimized slot waveguide considered in previous
investigation, 4 is the operative wavelength and n.y is the effective index of fundamental TE slot mode
that propagates in the slot waveguide covered by air. Consequently, LOD is again defined as the ratio
between the wavelength resolution A4 and the wavelength sensitivity. In particular, A4 as low as 80 pm
or less is practical in ordinary optical spectrum analyzers.

In this investigation, slot region gap g has been always set to 100 nm in all optimized slot waveguide
configurations, whose geometrical parameters have been listed in Table 2. This choice is justified as a
best trade-off between conflicting requirements, i.e. highest sensitivity (requiring g ~ 50-60 nm) and
greater size tolerance margins, obtainable with greater slot region gaps.

In Table 4, homogeneous sensitivities and effective indices calculated for optimized slot waveguides
characterized by a slot region gap g = 100 nm, have been summarized. Consequently, these values
have been implemented for calculation of WS and LOD, according to Eq. (9). To this purpose, it is
possible to analyze all performance parameters of ring resonators based on optimized group IV slot
waveguides, in Table 5.

Interesting results have been achieved. In particular, a limit of detection as low as 3.64x10” RIU could
be obtained in the slot waveguide labeled as “Type f” (Sig.0sGeo78Sng 14-0n-Geg 91 Sng g9-0n-Si)
optimized at 3.39 um, exhibiting a wavelength sensitivity WS, as large as 2194 nm/RIU. In summary,
it is possible to note that the principal difference in terms of performance parameters of novel slot
waveguides, concerns with the mid-IR operative wavelength. In fact, all slot waveguides optimized at
3.39 um exhibit larger values of WS and LOD, as compared to structures optimized at 2.883 um.
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Table 4. Homogeneous sensitivities of optimized SOI slot waveguides with g = 100 nm.

. Sh Nei
Optimal structures [ g T = 2.883 um | A, = 3.39 m | A, = 2,853 um
Type a 1.054 0.991 1.743252 1.690110
Type b 1.038 0.970 1.655458 1748301
Type ¢ 1.048 0.979 1.670879 1.707916
Type d 1.048 0.977 1.682615 1.716042
Type 1.050 0.980 1.682845 1.716391
Type f 1.071 0.947 1.655238 1.506740
Type g 1.089 1.021 1.734429 1.727081

Table 5. Performance parameters of ring resonators based on group IV slot waveguides (g = 100 nm),
designed for homogeneous sensing in mid-IR.

Optimal structures WS [nm/RIU] LOD [RIU]
A1=339um | ,=2.883 um | 4,=3.39 um | 4,=2.883 um
Type a 2050 1690 3.90x107 4.73x107
Type b 2126 1600 3.76x107 5.00x107
Type c 2126 1652 3.76x107 4.84x107
Type d 2111 1641 3.79%x10° 4.87x107
Type e 2115 1646 3.78x107 4.86x107
Type f 2194 1812 3.64x107 4.41x107
Type g 2128 1704 3.76x107 4.70x107

Moreover, a comparison between these photonic structures realized with an appropriate combination
of group IV materials and alloys, and some results in literature, both experimental and theoretical,
confirm the potential of these novel slot waveguides. In fact, ring resonators based on standard SOI
slot waveguides optimized at 1.55 pum for homogeneous sensing in aqueous solution, exhibit
WS ~ 1000 nm/RIU and LOD = 8x10~ [8]. Moreover, a ring resonator based on a SOI ridge guiding
structure optimized at 1.55 pum for homogeneous sensing of ammonia, is characterized by
WS = 140 nm/RIU and LOD = 8x107 [17]. In conclusion, a gas sensor based on a photonic crystal
cavity has been proved to exhibit WS = 80 nm/RIU and LOD = 1x10[18]. All data reported above
emphasize ultra-high performances that characterize the group IV slot waveguides proposed in this
investigation.

6.1. Application: Methane Homogeneous Sensing at 3.39 pm

The main advantage of operating in mid-IR wavelength range, consists in the possibility to reflect the
molecularly characteristic arrangement of chemical bonds in several analytes within the probed
molecules, via the frequency position of the associated vibrations and mixed rotational-vibrational
transitions. In addition, a lot of environmental harmful gases like carbon dioxide (CO,), methane
(CHy) and ammonia (NHj3), to name a few, are characterized by absorption spectra in mid-IR as
previously sketched in Fig. 4.

In this section, an interesting application of a novel ring resonator based on group IV slot waveguide
designed and optimized at 3.39 um, is reported for homogeneous sensing of methane whose absorption
spectra is show in Fig. 16. In particular, the slot waveguide selected for this investigation is that
labeled as “Type f~ (Sio.08Geo.78Sn9 14-0n-Gep 91 Sng g9-on-Si), because it exhibits the best performance in
terms of WS = 2194 nm/RIU and LOD = 3.64x10” RIU, at the mid-IR operative wavelength
A=3.39 um.
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Fig. 16. Methane absorption spectrum in mid-IR.

Numerical results have been obtained by simulating the methane gas sensing in standard conditions for
temperature and pressure (7= 0 °C, P = 1 atm). The ring-slot resonator considered in the calculation,
is coupled to a bus slot-waveguide as sketched in Fig. 17 (left).

Initially the sensor, in particular the sensible region, is exposed to pure air (100 %) and its transmission
spectrum exhibits a resonant peak at 3.39 um. When the sensor is exposed to a mixture of air (50 %)
and methane (50 %), it is possible to register two simultaneous phenomena. In particular, by assuming
an effective index change Angy~ 1% 10 due to the methane presence in the gas mixture in device cover
medium (74, = 1.000292, ncyy = 1.000444), a wavelength shift AL ~ 190 pm of the same resonant peak
in the photonic sensor transmission spectra can be observed, as in Fig. 17 (right). This wavelength shift
enables the methane detection process to occur through a device wavelength interrogation.
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Fig. 17. Ring resonator based on group IV slot waveguide (Type f) optimized at 4 = 3.39 um, with a ring radius
R =63 um (left). Both wavelength and power interrogation can participate to the sensor readout (right).

Moreover, methane is characterized by an absorption coefficient oy = 15 cm™ at 3.39 pm. Then, it is
possible to define a total propagation loss as follows:

Uror =Cp+ &, (10)

where ap represents the waveguide optical propagation loss set to 1 dB/cm and a is a function of the
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operative wavelength, according to Fig. 16. Thus, both optical absorption and homogeneous sensing
simultaneously occur in our device. In fact, the transmission spectra of the ring-slot sensor is also
characterized by an intensity reduction according to Eq. (6). In addition, an interaction length L of
about 400 pm (27R for R= 63 pum) produces a transmittance change Al ~ 0.35 a. u. (see Fig. 17, on the
right).

In conclusion, both wavelength and power interrogation occur together in the detection process and
allow to improve the sensor performances. Moreover, these sensors are able to detect very small
volumes (~ 1 pum’) of gas traces in mid-IR (e.g., 10.3 % methane concentration in air). This is an
important result because methane lower and upper explosive limits (LEL and UEL, respectively), thus
the minimum and maximum concentration of methane needed to support its combustion in air, are 5 %
and 15 % percent by volume in air, respectively, at room temperature and atmospheric pressure.
Consequently, it is very important to monitor methane concentration ranging from 5 % and 15 % in
order to prevent lethal explosion in dangerous work environments. In addition, photonic sensors as
proposed in this paper, can be also used for home safety, for example by locating gas detectors in key
areas inside the home, preventing CH,4 poisoning and explosions. Finally, theoretical results can be also
compared with commercial infrared gas sensors and detectors [19-20].

7. Conclusions

In this paper, intriguing novel photonic sensors based on unconventional group IV alloys and material
systems have been investigated. In particular, a systematic method for design and optimization of
novel SOI slot waveguides based on group IV material systems has been proposed. Moreover, a multi-
dimensional geometrical space has been defined by taking into account all different waveguide
geometrical parameters. An iterative method for the dynamic adjustment of all geometrical dimensions
(h, w, g, t, s) has been applied, in order to achieve the best performance configurations in terms of
ultra-high sensitivity for homogeneous sensing Sj.

Important considerations concerning with propagation losses in mid-IR, and electronic and optical
properties of group IV compounds have been treated, too. Appropriate combinations of group IV
compounds have been chosen on the basis of their technological compatibility (e.g., the impossibility
to selectively grow the GeSn alloy directly on silicon dioxide) and low losses in mid-IR wavelength
range. The design of group IV alloys has been performed in order to maximize the refractive index
contrast for increasing the optical field confinement in slot region and, at the same time, to assure
optical transparence at selected mid-IR operative wavelengths. Interesting properties such as the
presence of a second order TE slot mode, have been demonstrated, giving further flexibility in design.
In fact, it is possible to relax the fabrication tolerances as well as realizing integrated photonic devices
for high-selective detection in mid-IR, representing a novel, promising and attractive field of research.

In conclusion, ring resonators based on optimized group IV slot waveguides presented in this paper,
exhibit very interesting performances. In fact, simulations reveal a minimum detectable methane
concentration lower than 10 % by volume in air. In addition, optimized slot waveguides for efficient
sensing in mid-IR exhibit much higher performance with respect to standard SOI slot devices designed
at near-IR (1.55 pm), with an improvement of more than 110 %. Further work on this topic will be
devoted to detailed model and design of slot-based ring resonators constituted by several combinations
of group IV materials and alloys, with the aim to further improve the performance of photonic sensors
in mid-IR and their use in several application fields.
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