Sensors & Transducers, Vol. 157, Issue 10, October 2013, pp. 392-399

Sensors & Transducers
© 2013 by IFSA
http://www.sensorsportal.com

Resonant Biaxial Nanoprobe Utilized
for Non-Contact Surface Measurements
Boris Goj, Lothar Dressler, Martin Hoffmann

Chair for Micromechanical Systems, IMN MacroNano®, Ilmenau University of Technology,
Max-Planck-Ring 12, 98693 Ilmenau, Germany
Tel.: +49-3677-691295, fax: +49-3677-691840
E-mail: boris.goj@tu-ilmenau.de
Received: 15 August 2013 /Accepted: 25 September 2013 /Published: 31 October 2013
Abstract: In this work a non-contact biaxial nanoprobe for surface profile scans of macroscopic objects with
150 nm accuracy is presented. The biaxial nanoprobe oscillates in two directions to overcome the challenges of
sticking in contact mode. Two electrostatic actuators drive the nanoprobe while two electrostatic sensors
measure the position of the tip ball. The contact behavior between the tip ball and the specimen is determined by
the contact stiffness and the contact damping. Dependent on the dominating effect the nanoprobeoperatesat
semi- or non-contact mode, respectively. The aims of this paper are the investigation of the contact behavior, the
proof of the independent evaluation of the two axes and the check if sticking is safely avoided.
Copyright © 2013 IFSA.
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1. Introduction
Surface measurement is a crucial task to evaluate
the fabrication process and functionality of
macroscopic objects. Despite some limiting
drawbacks atomic force microscopy (AFM) [1] and
optical sensors [2] are utilized to precisely scan
topography.
AFM
enables
high
accuracy
measurements but is not suitable for high aspect
ratios and large area scans because of the low
measurement speed. In contrast, optical focus sensors
enable high measurement speeds of low 3D
measurement accuracies. Hence, a measurement
system is demanded which enables high speed
measurements at higher 3D measurement accuracy
than focus sensors.
In this work, an oscillating biaxial nanoprobe
(Fig. 1) is presented that allows contactless scanning
of an object surface. Plugged in a nanopositioning
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and nanomeasurement machine [3] the nanoprobeen
able
high
speed
measurements
with
nanometer accuracy.
The innovative properties of the biaxial
nanoprobe in comparison with other vibrating tactile
probing systems [4-6] are the complete in-plane
integration based on a silicon-on-insulator substrate
(no glued connection between stylus and passive
suspension), the independent resonant oscillations in
two perpendicular axes and the negligible contact
forces
caused
by
semior
non-contact
measurement regime.
The biaxial nanoprobe is actuated in two
directions to realize independent scanning without
sticking, reliably [7-8]. Sticking is caused by thin
water films on the surfaces of the measurement
object and the tip ball which entail capillary forces in
case of a hard contact (Fig. 1). The influence of
capillary forces between ball plane interfaces
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generally increases for miniaturized probing systems
[4]. If the diameter and the spring stiffness are small
(d < 200 µm, c < 50 N/m), false triggering and snap
back occurs. This leads to measurement faults and
reduced scanning accuracy because the system
oscillates after unsnapping from the measurement
object [4, 9].

Fig. 1.Sticking between the tip ball
and the measurement object.

A second independent sensing direction is useful
for surface scanning systems: One direction
perpendicular to the mean surface detects slow
changes of the surface (in the range of the vertical
oscillation) while a second sensor detects step-like
changes that could damage the stylus during

scanning. This second signal allows an adaption of
the scanning position before a hard contact between
the stylus and a side wall appears.

2. Design and Fabrication of the Biaxial
Nanoprobe
The biaxial nanoprobe comprises the core
elements of a probing system: stylus with tip ball,
sensors and passive suspension (cf. Fig. 2). The
perpendicularly arranged electrostatic sensors
measure the z- and y-position of the tip ball.
Differential sensors increase the output voltage and
enable the independent evaluation of the ball position
(cf. Fig. 2).
Electrostatic actuators for each direction are
additionally integrated into the SOI-substrate. These
actuators allow driving the nanoprobe in resonant
motion and to measure in a non-contact or semicontact mode.
Serpentine springs ensure a passive suspension
with a low material volume and varying stiffness in
z- and y-direction, respectively. The latter is
important to obtain different resonance frequencies
and independent motion.

Fig. 2. Touching regime of the biaxial nanoprobe and evaluation principle of the sensor capacities.

The biaxial nanoprobe is fabricated utilizing a
standard process chain for SOI-substrates [10, 11].
The process comprises three lithographic steps, two
DRIE processes to structure the device and the
substrate layer, evaporation and wet etching of
aluminium for electrical contacts, HF vapor etching
for stylus release and wire bonding. The attachment
of the probe tip is an innovative step of the
nanoprobe fabrication. A precise ruby ball is used as
hard and well-defined touching element (roundness,
dimension tolerances), [9]. The attachment of the
ruby ball at the stylus is realized with a thermally

cured epoxy. The glue applies pretension and the
position is exactly defined by a contact between the
silicon stylus and the ruby ball, only. Thus, the
influence of the glue to the measurement accuracy is
minimized. After curing the glue, the complete stylus
is released by removing the protection frame.
In Fig. 3 a realized nanoprobe is shown. For
measurements the ruby-ball is replaced by a silicon
cylinder. This is suitable because the aim of this work
is the investigation of the contact behavior, only. For
surface measurements a ruby ball will be essential.
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The contact behaviour between the tip ball and
the specimen depends on the contact conditions and
the spring stiffness in the relevant direction (z- or
φ-direction). Hence, two effects have to be
considered to describe the contact behaviour: The
contact damping and the contact stiffness.
If the contact stiffness is the main effect, the
probe is operated at a semi-contact mode and touches
the surface of the measurement object. Nevertheless,
the contact time is very short and the contact force
low [4]. Mathematically, the contact stiffness is
described by the following equation (1), [13].
Fig. 3. Fabricated biaxial nanoprobe without ruby ball
and mass compensation.

1

ccontact

3 ⎛ 16
⎞3
Rtip −ball E*2 Fcontact ⎟
2 ⎜⎝ 9
⎠

(1)

More design characteristics are briefly described
afterwards:
• The backside of the electrodes (the substrate
material) is released to minimize squeeze film
damping,
• The centre of gravity of the nanoprobe is moved
to the geometrical centre by a compensation mass,
• The step in the electrode design enables a nearly
independent motion of the z- and y-actuator.
The crucial advantage of the introduced
nanoprobe design is the simple and batch-capable
fabrication process. Thus, the nanoprobe is a probing
system that can be manufactured cost-efficiently.
This is a new approach for the application of
miniaturized probing systems because common
devices are much more complicated and thus
expensive [4-6].

where h(t) is the distance between tip ball and
specimen.
Equations to derive the damping force are given
in [14]. Low suspension stiffness, smooth surface and
low actuation force are crucial requirements for a
non-contact measurement regime.

3. Touching Regime

4. Parameters of the Biaxial Nanoprobe

The biaxial nanoprobe is operated at semi-contact
or non-contact mode utilizing two oscillations in zand y-direction. If the nanoprobe oscillates in the
vicinity of a measurement object, the oscillation in zdirection is damped or the probe rotates around the
rotation point D (cf. Fig. 4) [12].

The dimensioning of the biaxial nanoprobe
described in [12]. Important parameters are listed
Table 1. Assumed ambient conditions are: air,
normal pressure of 1013 hPa and a temperature
20 C.

The second relevant effect for the contact
behaviour is contact damping. Here, the tip ball does
not touch the surface because of a sufficiently large
squeeze film damping force between the tip and the
measurement surface:
Fcontact =

4
6 π ⋅ µ Luft ⋅ Rtipball

h( t ) ⋅ ( Rtipball − 2 ⋅ h( t ))2

,

(2)

is
in
at
of

Table 1. Parameters of the biaxial nanoprobe [12].
Capacitance C
Damping factor k
Mass m, inertia J
Stiffness c
Actuator voltage U0
Frequency fR
Offset x0
Amplitude x

Fig. 4. Touching regime of the biaxial nanoprobe
and evaluation principle of the sensor capacities.
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z-direction
0.6 pF
2.3·10-5 kg/s
1.2·10-6 kg
33.8 N/m
15 V
821 Hz
86 nm
4.8 µm

y-direction
0.6 pF
2.4·10-5 kg/s
1.2·10-6 kg
41.1 N/m
15 V
906 Hz
71 nm
4.4 µm

φ-direction
0.6 pF
1.4·10-12 Nm
2.2 N·mm/rad
1310 Hz
-

The spring stiffness in z- and y-direction has to be
different to realize different resonance frequencies
and thus an independent motion. Besides the z- and
y-direction the rotation φ has to be considered
because the resonance frequency of the rotation is
also important for the probe behaviour. Preferably,
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fRφ is higher than fRy so that the tip ball follows the
impact of the measurement object in y-direction.
The calculated damping factors consider the
squeeze film damping between the electrodes and the
slide film damping between the moving structures
and the substrate layer. These are the dominating
damping forces for the biaxial nanoprobe [12].
A view on the electrostatic forces Fe is crucial to
understand the behavior of the electrostatic actuators.
The resulting forces for a driving voltage of
U 1 = U 0 + U 0 ⋅ sin( ωt )

(3)

U 2 = 2 ⋅ U 0 ⋅ sin( ωt )

(4)

and

are shown in Eq. 6 and Fig. 7.
Fe =

Fe1 =

A⋅ε
2⋅d2

⋅ U i2

Aε

1
⎛3
⎞
U 02 ⎜ + 2 sin( ω t) − cos( 2ω t ) ⎟
2
2d
⎝2
⎠
2

Fe2 =

Aε
2d 2

U 02 ( 2 − 2 cos( 2ω t))

(5)

(6)

(7)

The additional sine overtone at ω for the
electrostatic force Fe1 is the main difference between

the two actuation modes. This leads to a virtual
second resonance peak at fr/2 which can be
disadvantageous for the evaluation of the actuator
movement [15]. However, the driving voltage U1
generates a smaller offset x0 and a smaller bandwidth
because of the dependence between the squeeze film
damping and the offset x0. Thus, the driving voltage
U1 is used during the further investigations.

5. Evaluation Board of the Biaxial
Nanoprobe
The evaluation board of the biaxial nanoprobe
comprises two voltage supplies and two differential
evaluation circuits for the z- and y-direction,
respectively.
The voltage supply is based on an amplifier fed
by the signal of a common function generator and
provides sinusoidal voltages with offset, only (Eq. 3).
For the evaluation of the sensor capacities a new
evaluation circuit was designed. Its principle is
shown in Fig. 5.
This type of circuitry is required because of the
two actuator and sensor structures that share an
electric potential. Common evaluation circuits are not
suitable because they are driven with a rectangular or
a triggered signal at the midpoint of the differential
arrangement. This conflicts with the demand of a
shared potential [14-15].

Fig. 5. Principle of the evaluation board for one measurement direction.
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The evaluation board (Fig. 5) operates at a
frequency of 250 kHz (much higher than nanoprobe
oscillation frequency) and is based on the chargedischarge-principle. Both sensor capacities are
charged and discharged with a pulsed voltage of 5 V.
The charging voltages are compared and subtracted
with the operational amplifier OA3. The post-line
sample and hold switches detect the maxima and the
minima and an additional amplifier subtracts them
from each other again. The subtraction decreases the
influence of disturbing parasitic capacities and
electrostatic fields.
The output voltage of OA4 is nearly proportional
to the way of the actuators. Nevertheless, for high
capacity changes and amplitudes of the nanoprobe, a
linear charging of the capacities is needed.
Otherwise, the nonlinear proportionality between ∆z,
∆y and Uout would cause measurement errors.

6. Characterization of the Biaxial
Nanoprobe
The characterization of the biaxial nanoprobe is
carried out with the measurement arrangement of

Fig. 6. Beside the evaluation board a characterization
utilizing the high speed camera VW-9000 (Keyence,
GmbH) was performed. Therewith, a comparison
between an optical movement analysis and the output
voltage of the evaluation board is possible.
The contact between the measurement object and
the touching element is simulated with two piezo
actuators which are driven into the nanoprobe
oscillation (Fig. 7).

6.1. Frequency-Amplitude Characteristics
The
measured
frequency-amplitude
characteristics of the biaxial nanoprobe are shown in
Fig. 8. The driving voltage was
U i = 15V + 15V sin( 2π fi t ), i = z, y

(8)

The measured resonance frequencies and
oscillation amplitudes agree well with the calculated
ones and differ sufficiently from each other so that an
independent motion of the two axes is realized. The
reduced amplitude in y–direction is caused by the
higher spring stiffness (cf. Fig. 8).

Fig. 6. Measurement arrangement for the characterization of the biaxial nanoprobe.

x in µm

6

z-direction
y-direction 818 Hz
4,8µm

4

895 Hz
3,5µm

2
0
0

400

800
f in Hz

Fig. 7. Biaxial nanoprobe with silicon probe tip
and test equipment.
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Fig. 8. Frequency-amplitude characteristics
of the biaxial nanoprobe.
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Both resonance curves exhibit a resonance peak at
half of the resonance frequency which is caused by
the second overtone within the spectrum of the
chosen driving voltage (see before). Nevertheless, the
primary peaks do not influence the nanoprobe
behaviour because the quality factors of the
oscillations are high.

For conclusions referring to the contact behaviour
or the measurement accuracy the minima of the
nanoprobe oscillation and the phase shift were
investigated (Fig. 11).

6.2 Dynamic Impact in z-direction
The interaction between a measurement object
and the tip ball is performed with a closed-loop piezo
actuator P-841.60 (Physic Instruments). The actuator
is driven at a sine oscillation at 0.4 Hz and amplitude
of 9 µm.
The output signal Uz out of the sensors during an
impact of the piezo actuator into the z-oscillation is
shown in Fig. 9 and Fig. 10.

Fig. 11. Minimal envelope and phase shift of the nanoprobe
oscillation during the z-impact of the piezo.

Fig. 9. Impact into the nanoprobe oscillation in z-direction
(fz=818 Hz,zmax=4.8 µm, unfiltered signal).
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Fig. 10. Detailed view on the output signal of the
evaluation unit (z-direction).

A detailed view at the output signal shows that
the sinusoidal form of the oscillation is obtained and
sticking is safely avoided.
During the impact, the probe was also driven in
y-direction, but a significant change in the voltage
Uy out was not observed. Thus, the motions in y- and
z-direction are independent from each other.

The overlay of the piezo signal to the unfiltered
output voltage of the nanoprobereveals that the
oscillation minima map the impact of the piezo
actuator very well. The comparison of the minima
and the piezo movement results in a coincidence of
150 nm. However, a letter filtering will improve the
measurement accuracy with the drawback of a
slower dynamic.
The contact behaviour in z-direction is dominated
by the contact stiffness [13]. This assumption is
confirmed by the phase shift characteristic during the
impact. Fig. 11 shows that the phase shift decreases
during the impact. This is explained by a higher
stiffness and thus an increasing resonance frequency
during the contact which leads to a lower oscillation
amplitude and a lower phase shift [13]. Thus, the
biaxial nanoprobe operates at semi-contact mode in
z-direction.
However, the contact times are very short
(t < 50 µs), because the sinusoidal form of the
oscillation is not influenced during the contact
(cf. Fig. 10). This indicates that the contact forces are
very small (< 5 µN, simulated value) so that plastic
deformations of the measured object are avoided.
The record with the high speed camera confirms
these results. Nevertheless, a small offset exists
between the impact curves (Fig. 11). This offset is
explained by the nonlinear proportionality between
the output voltage and the movement of the actuators.
The measurement accuracy is not influenced by the
nonlinearity because the impact of the measurement
object is well displayed by the output voltage for
impact depths below than 3 µm.
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The contact behaviour of the biaxial nanoprobe in
the y-direction differs from that in z-direction. The
interaction between the tip ball and the measured
object results in a rotation around point D (Fig. 4).
Thus, the sensor capacities are evaluated in a crossarrangement whereby the output voltage is not
proportional to the y-oscillation.
The output signal during a contact between the tip
ball and the measurement object is shown in Fig. 12.
During a small impact of the piezo actuator
(approximately 25 nm) a sharp peak appears in the
output signal. A closer look at the output voltage
demonstrates that the probe rotatory oscillates around
the x-axis after the elastic contact with the
measurement object (Fig 13). After contact, the
wobbling is faded out until a new hit with the
measurement object appears. The small stiffness
against the φ-rotation and the ratio between the ystiffness and the φ-stiffness (fRφ>> fRy) are the
reasons for that behaviour. Thus, the tip ball can
easily follow the y-impact and oscillates with high
rotation amplitude.

Fig. 12.Impact into the nanoprobe oscillation in y-direction
(fy=895 Hz, ymax=3.5 µm, unfiltered signal).

Fig. 13. Detailed view on the output signal of the
evaluation unit (y-direction).

The contact behaviour was investigated
evaluating the phase shift. Fig. 14 shows that phase
shift decreases dramatically during the contact.
Hence, the contact stiffness [13] dominates the
measurement behaviour in y-direction and the
nanoprobe operatesat semi-contact mode. The contact
damping force is too small to avoid a contact between
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probe tip and measurement object. However, the
expected contact force in y-direction is lower than in
z-direction because of the low stiffness against
rotation (cφ≈ 2.2 N·mm/rad).
0

phase shift

-30
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6.3. Dynamic Impact in y-Direction
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Fig. 14. Phase shift of the nanoprobe oscillation during the
z-impact of the piezo.

Investigations with the high speed camera
confirm the measurements with the evaluation board.
Sticking was not observed although the stiffness is
very low.
Further measurements with deeper impact depths
did not change the behaviour of the nanoprobe in ydirection. However the number of elastic contacts
during an impact increases (four contacts in Fig. 15).
The y-direction does not enable a measurement of
the impact depth because a defined contact point did
not arise. The output voltage of the y-direction
features a binary evaluation of the interaction
between the measurement object and the probe tip,
only (0 – non contact, 1 – contact).
Nevertheless, the repeatability of the y-contactis
high because small impact depths (25 nm) generate
high output voltages.

7. Conclusions
We presented a biaxial nanoprobe which
oscillates in two directions for sticking prevention.
The contact between the probe tip and the
measurement object is dominated by the contact
stiffness [13]. Thus, the nanoprobe operates in semicontact mode with small contact times and low
contact forces.
Measurements showed that the contact regime
differs in z- and y-direction. The z-axis provides a
valid measurement of the impact depth. In ydirection, a binary information is provided, only,
which allows a conclusion if the tip ball is in contact
or not. However, scanning measurements are possible
with the presented biaxial nanoprobe.
Advantages of the biaxial nanoprobe are:
• The fully integrated design based on a silicon-oninsulator substrate;
• The independent resonant motion in two
directions;
• Very low contact forces achieved by semicontact;
• Low fabrication costs due to batch-fabrication.
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Fig. 15. Evaluation of the nanoprobe oscillation in y-direction during a deeper impact of the piezo actuator (>100 nm).

Future work will concentrate on the integration of
the biaxial nanoprobe into the nanopositioning and
nanomeasurement machine (NPM) [3]. Therewith,
high accuracy surface measurements could be
achieved which is the major application of the biaxial
nanoprobe.
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