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A B S T R A C T

Customized piezoresistive cantilever microprobes with a deflection range of 120 μm and silicon tips of 100 μm
height were operated in a Cypher AFM showing their functionality for measuring topography together with
viscoelastic properties of thin films. For drop-in mounting in the AFM a holder was developed comprising the
piezoresistive microprobe and its voltage-supply and signal-conditioning electronics. With the probe tip in contact
to a glass sample we found a vertical resolution of 2.8 nm in a bandwidth of 1 kHz, which is close to the theo-
retical limit of 3.0 nm at a deflection of 2.5 μm. This resolution could be verified in topographic images of a
scratch of approximately 300 nm in depth. Force-volume images with lithographically patterned photoresist (AZ
5214E) of approximately 300 nm thickness on silicon revealed contrast of the resist-covered and bare regions in
topography, stiffness and adhesion. With contact-resonance imaging using the Dual AC Resonance Tracking
(DART) method, patterned AZ 5214E photoresist of approximately 50 nm thickness could be distinguished from
the bare silicon in topography, contact stiffness (indicated by contact resonance frequency shift) and adhesion
(indicated by phase shift). Finally, a droplet of lubricant (Lupranol VP 9209) on glass could be detected by force
volume imaging revealing a thickness of approximately 90 nm of the liquid layer with a sharp lateral limitation,
which was clearly detected. We conclude that the piezoresistive silicon microprobe is a promising tool for
emerging tasks of industrial surface metrology on manufacturing machines, including micro-finish of work pieces
and elasticity, thickness, adhesion, etc. of thin solid or liquid deposits on top.
1. Introduction

Piezoresistive microprobes with specifically designed dimensions and
shape allow tomeasure samples with geometrical constraints that prevent
an application of the optical lever technique. As an example, we showed
the use of extremely slender cantilevers (length 1.5 mm, width 30 μm and
height 25 μm) for inner surface characterization of fuel injector nozzle
spray holes. These holes have diameters down to 100 μm and depths of a
millimeter [1,2]. Using even larger microprobes (length 5 mm, width 200
μm and height 50 μm, CAN50-2-5, CiS Forschungsinstitut für Mikro-
sensorik GmbH, Erfurt, Germany [3,4]), fast scanning of technical work
piece surfaces containing high-aspect-ratio microstructures is feasible for
roughness measurements at speeds up to 15 mm/s [5]. Based on these
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findings a battery-operated hand-held miniature roughness tester with an
integrated skid bodywas developed. This device uses amicroprobewith a
very short measurement loop to measure autonomously inside bores of 6
mm in diameter while the data is transmitted to a computer via Bluetooth
[6]. The european EMPIR project MicroProbes currently investigates to
use these sensors to monitor both the quality of polished gears and the
result of roll-grinding processes. Furthermore, evaluations of the progress
of scratch damage in ceramics are being carried out [7]. Additionally,
topography measurement with such piezoresistive microprobes was
combinedwith a characterization of viscoelastic properties of thin surface
deposits using contact resonance spectroscopy [6,8,9].

For characterizing the microprobe’s large deflection range, e. g.,
within 70 μm of z displacement showing a standard deviation of
conductor Technology (IHT), Hans-Sommer-Straβe 66, 38106, Braunschweig,
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Fig. 2. Scanning electron microscopy (SEM) images of the probing tip used in
this study. (Top) overview of the tip and (bottom) close-up of the apex. The
images were taken before any measurements were conducted. The tip height,
radius and cone angle approximately are 100 μm, 70 nm and 45�–50�, respec-
tively. The mass of the tip (� 0:4 μg) can be neglected in relation to the mass of
the cantilever (� 120 μg).

Fig. 3. Quasi-static voltage-displacement curve of a CAN50-2-5 microprobe
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approximately 30 nmrms [9] either a homemade setup or the Pro-
filscanner of PTB was employed [10–12]. In this study, we further
investigate the performance and limitations of the CAN50-2-5 micro-
probes at the lower end of their measuring range with the help of the
imaging versatility of a commercial atomic force microscope (AFM,
Cypher, Asylum Research, Oxford Instruments, Santa Barbara, USA). For
this, the design and fabrication of an adapted probe holder was neces-
sary. The performance of the CAN50-2-5 microprobes could then be
investigated and compared to standard Nanosensors PPP-NCSTAuD AFM
probes (NanoWorld, Neuchatel, Switzerland), which are operated in the
Cypher AFM using the conventional optical lever technique.

Piezoresistive cantilevers for atomic force microscopy (AFM) have
been in use for decades and are commercially available, e. g., from SCL-
Sensor.Tech. Fabrication GmbH, Austria. A big advantage over the
standard optical-lever read out is a simplified calibration which is needed
to be done only once instead of the necessary repeated recalibrations due
to a not constant laser spot position on the cantilever between mea-
surements. However, a custom-made holder is yet required for operation
of such piezoresistive cantilevers in a commercial AFM [13]. Still, a
custom holder allows to exploit the low-noise operating conditions of an
AFM for testing the performance of various designs of piezoresistive
cantilevers, e. g. the CAN50-2-5 microprobe with respect to its smallest
detectable deflection, which is addressed in the following.

2. Microprobe

The basic structure of the CAN50-2-5 microprobes is shown in Fig. 1.
It is made from silicon and consists of two parts: the base and the
cantilever. A monolithic silicon probing tip, as shown in Fig. 2, is located
near the free end of the cantilever and a piezoresistive Wheatstone bridge
is implanted at the clamped end. The base contains the contact pads to
connect to the bridge.

As shown in Fig. 3, deflecting the probing tip results in a linear change
of the amplified output voltage of the Wheatstone bridge. In this mea-
surement, a resolution of approx. 30 nmrms for all deflections up to
120 μm and a non-linearity of approx. 0.4 % is achieved. This is in line
with previous publications, where a non-linearity of 0.3 % at deflections
up to 200 μm was reported [3,4,14,15].

3. Microprobe holder

The original cantilever holder of the AFM (Cypher 901.705 Invar Air
Cantilever Holder), which is shown in Fig. 4, cannot be used with
customized piezoresistive microprobes like the CAN50-2-5. For this
reason, an adapted probe holder as well as electronics to interface the
piezoresistive microprobe with the microscope had to be developed.

The new holder for the CAN50-2-5 comprises an aluminum body as
well as PCBs for the microprobe attach and the interface to the AFM,
respectively. It was designed as a drop-in replacement and does not
require any changes to be made to the microscope. The interface PCB is
supplied with power by the AFM (þ12 V, 0 V, �12 V and 3.3 V) and
generates a stabilized supply voltage of 1 V for the piezoresistive Wheat-
stone bridge of the microprobe. In the reverse direction it amplifies the
output signal of the microprobe and feeds it into the Cypher electronics.

Fig. 5 shows in a transport box the adapted holder for the CAN50-2-5
with the aluminum body whereon the two PCBs (interface PCB and
Fig. 1. Schematic of the piezoresistive microprobe.

measured using the Profilscanner of PTB [10–12]. The maximum deflection was
limited by the dynamic range of the amplifier. Measured values are shown as
light blue dots, a linear fit with a slope of 53.8 mV/μm is shown as a dark blue
line. The residuals with standard deviations are shown as light red dots with a
dark red area. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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microprobe PCB) are screwed in place. The microprobe PCB is used as
substrate for attach and electrical contact of the microprobe chip. The



Fig. 4. Original Cypher holder and PCB for mounting of AFM cantilevers within
the instrument.

Fig. 5. Developed microprobe holder (in a transport box) comprising an
aluminium body and two PCBs to operate long slender piezoresistive CAN50-2-5
microprobes in the Cypher AFM.

Table 1
Mechanical, geometrical and electrical parameters that are used to estimate the
noise floor of the microprobe-based measurement system.

Parameter Symbol Value

Measurement
Frequency range minimum fmin 0.001 Hz
Frequency range maximum fmax 1000 Hz
Bandwidth Δf ¼ fmax � fmin 999.999 Hz
Ambient Temperature T 293 K
Cantilever
Young’s modulus E 169 GPa [18]
Density ρ 2330 kg=m3

Length L 5 mm [4]
Width w 200 μm [4]
Thickness b 50 μm [4]
Area moment of inertia

I ¼ wb3

12
2:093� 10�18 m4

Spring constant [19]
kc � Eb3w

4L3
8:45 N=m

Doping concentration ρ ð2:25�0:75Þ � 1018 cm�3

[15]
Piezoresistive coefficient π44 ¼ Pðp;TÞ�

πref44

ð1:07�0:05ÞGPa�1[17]

Longitudinal piezoresistive
coefficient

πeff � π44
2

ð0:54�0:03ÞGPa�1

Sensitivity, theoretical [17]
S � 6πeffLkcU0

wb2
271 V/m

Sensitivity, measured Smeas 252 V/m
Hooge constant per number of
carriers

αH
N

5:6� 10�14[20]

Bridge resistance R 2.5 kΩ[4]
Fundamental mode
wavenumber

x0L 1.87510 [19]

Fundamental mode resonance
frequency [19]

f0 ¼
ðx0LÞ2
2πL2

ffiffiffiffiffiffiffiffiffi
EI
ρwb

s 2751.5 Hz

Fundamental mode quality
factor

Q 430 [6]

1=f noise spectral density,
voltage

VVF 1 μV [21]

Voltage regulator
1=f noise exponent β 1.5 [21]
Johnson noise spectral
density, voltage

VVJ 2 nV=
ffiffiffiffiffiffi
Hz

p
[21,22]

Bridge supply voltage U0 1 V
Amplifier
Johnson noise spectral
density, voltage

AVJ 3:31 nV=
ffiffiffiffiffiffi
Hz

p
@ G ¼

100[23]
Johnson noise spectral
density, current

AIJ 0:2 pA=
ffiffiffiffiffiffi
Hz

p
[23]

1=f noise, voltage AVF 7 nV @ G ¼ 100 f ¼
1 Hz[23]

1=f noise, current AIF 1:26 pA @ f ¼ 0:1 Hz[23]
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interface PCB contains all electronic components. This includes a voltage
regulator (LT3045, Analog Devices) to generate the stabilized supply
voltage for the microprobe and an instrumentation pre-amplifier
(AD8421, Analog Devices) to amplify (gain ¼ 100) and buffer the
output signal. Finally, the amplified signal is fed to one of the so-called
holder input channels of the AFM. Here it is available at the Cypher
Crosspoint switch and can be connected to the ADC. The control unit of the
AFM will then use this signal alternately with the cantilever-deflection
amplitude provided by the quadrant photo diode of the optical lever
system.

The attach of the microprobe die to its PCB is done by gluing (UHU
Plus Endfest, UHU GmbH & Co. KG, Germany) and electrical connection
via wire bonding (AlSi wire, 25 μm, ultrasonic bonding (Model 7476E,
West⋅Bond, Inc., USA)). To ensure force closure, the microprobe PCB is
glued to the aluminum block as well. Both PCBs are electrically con-
nected via soldered copper wires.

3.1. Resolution considerations

To estimate the performance of the microprobe setup, first the noise
of the output signal is estimated. For this purpose, the parameters defined
in Table 1 are used in combination with Equations (1)–(5) to obtain es-
timates of the sensitivity, noise and resolution of our piezoresistive
microprobe. In general, for piezoresistive silicon sensors, the following
contributions to noise have to be considered:

3.1.1. Mechanical-thermal noise of the cantilever δ2m�th
With the cantilever considered as a spring-mass resonator in the

accelerometer limit (f ≪ f0), mechanical-thermal noise is given by
Ref. [16]:

δ2m�th ¼
8πkBT
kcQf0

Δf

¼ ð0:492 fmRMSÞ2:
(1)

Here, kB is Boltzmann’s constant andΔf is the bandwidth. T and kc are
the temperature and spring constant (also known as the elastic constant)
of the microprobe, respectively. Q and f0 are the quality factor and the
resonance frequency of the fundamental vibration mode of the probe,
respectively.
3

3.1.2. Electrical noise of the Wheatstone bridge V2
N;Bridge

Electrical noise comprises of 1=f -noise and Nyquist Johnson noise.
For the Wheatstone bridge, 1=f -noise is calculated using the device
specific Hooge constant αH , the bridge supply voltage U0, the number of
carriers per resistorN, and the bandwidth given by fmax and fmin. Nyquist-
Johnson noise is calculated using Boltzmann’s constant kB , the tem-
perature of the bridge T, the resistance of a single bridge resistor R, and
the bandwidth Δf [17].

V2
N;Bridge ¼

αHU2
0

2N
ln
�
fmax

fmin

�
þ 4kBTRΔf

¼ ð0:653 μVRMSÞ2
(2)

3.1.3. Electrical noise of the voltage regulator module V2
N;VRM

The voltage regulator module, short VRM, provides the Wheatstone
bridge supply voltage. For this device, the datasheet only specifies noise
starting at 10 Hz [22]. Achtenberg et al. [21] measured the output noise
spectrum down to 0.1 Hz and show 1=f -noise decreasing with the
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exponent β � 1:5. By extrapolating that behavior for lower frequencies,
the integral noise can be calculated as

V2
N;VRM � 1

2β � 1
V2
VFf

2β
V;VF

�
1

f 2β�1
min

� 1

f 2β�1
max

�
þV2

VJΔf

� ð707 μVRMSÞ2
(3)

Here, VVF is the spectral density of 1=f noise measured at the fre-
quency fV;VF. VVJ is the spectral density of Nyquist-Johnson noise.

The output noise of the voltage regulator only contributes to the total
noise when the output voltage of the microprobe is greater than zero, i.e.
when the cantilever is deflected. As such it can be neglected at small
deflections (< 100 nm). Furthermore, this noise contribution mainly
consists of 1=f -noise, wherefore its impact is reduced drastically when
decreasing measurement time. However, the microprobe is made to be
used at large deflections up to 200 μm and for long measurement times,
so this noise contribution must be considered.

3.1.4. Electrical noise of the preamplifier V2
N;Amp

The noise of the amplifier is given by the voltage and current com-
ponents of 1/f-noise (AVF and AIF ) and Nyquist-Johnson noise (AVJ and
AIJ ), respectively [17].

V2
N;Amp ¼

�
A2
VF þ 2A2

IF

�
R
2

��
ln
�
fmax

fmin

�
þ
�
A2
VJ þ 2A2

IJ

�
R
2

��
Δf

¼ ð0:109 μVRMSÞ2
(4)

3.1.5. Total input-referred noise of deflection
ffiffiffiffiffiffi
δ2N

q
Total noise limits the resolution that can be achieved and is calculated

from the above non-correlated noise contributions according to:

ffiffiffiffiffi
δ2N

q
¼

ffiffiffiffiffiffiffiffiffiffi
δ2m�th

q
þ V2

N;VRM

U2
0

δ2 þ V2
N;Bridge þ V2

N;Amp

S2 ¼ 3:0 nmRMS

(5)

Here, δ is the typical deflection of the microprobe. At δ ¼ 0 we findffiffiffiffiffi
δ2N

q
¼ 2:4 nmRMS. Above δ � 4 μm, total noise is dominated by the 1=

f -noise of the voltage regulator and thus is expected to increase toffiffiffiffiffi
δ2N

q
¼ 141 nmRMS at the upper deflection-range limit of the micro-

probe of δ � 200 μm. The contribution of the voltage-regulator noise
can be considerably reduced by selecting a higher Wheatstone-bridge
supply voltage. At a voltage of U0 ¼ 2 V, we expect noise of
2:3 nmRMS, 2:5 nmRMS, and 71 nmRMS for deflections of 0 μm, 2.5 μm
and 200 μm, respectively. However, this increases both power con-
sumption and the time it takes for the probe to reach thermal equilib-
rium. Alternatively, lower noise can be expected if, instead of a voltage
regulator, a constant voltage source is used to supply U0. For example,
the output of an LT6657 voltage reference with an output voltage of
1.25 V can achieve approximately 1 μVRMS of noise within the required
bandwidth [24]. This can be neglected in comparison to the other noise
contributions and results in noise of 2:4 nmRMS for all deflections up to
200 μm. However, in this case U0 will be fixed and cannot be adjusted to
changing measurement requirements.

The measured value of sensitivity Smeas of the CAN50-2-5 piezor-
esistive microprobe deviates from the theoretical expectation by �10.6
%, which can be assigned mainly to the cantilever thickness b, that can
only be specified with an uncertainty up to �2.2 % [15]. For the un-
certainty of sensitivity an additional contribution due to the piezor-
esistive coefficient of �6.3 % was assumed. Following the error
propagation law this leads to uncertainties �6.6 % in kc and �10.1 % in
S, which explain the observed deviations.

Our detailed noise analysis yields a resolution, i. e., a minimum
detectable tip deflection of the CAN50-2-5 piezoresistive microprobes of
3.0 nm in a bandwidth of 0.001 Hz to 1 kHz with deflections up to 2.5
4

μm. In the following we will present experimental results to verify this
theoretical expectation.

It should be noted that commercial piezoresistive AFM cantilevers
have much smaller dimensions leading to much higher sensitivity S and
correspondingly lower minimum detectable tip deflections compared to
the piezoresistive microprobe considered here. Assuming scaling factor
of κ, i. e., LAFM ¼ κ � Lmicroprobe and bAFM ¼ κ � bmicroprobe , and using the
respective Eqs. in Table 1 we can estimate SAFM ¼ κ�1 � Smicroprobe.

Furthermore, if the electrical noise of the Wheatstone bridge remains
unchanged, total noise at small deflections is given by:

ffiffiffiffiffi
δ2N

q
AFM

¼ κ

ffiffiffiffiffi
δ2N

q
microprobe

: (6)

With piezoresistive AFM cantilevers of L ¼ 300 μm, b ¼ 4 μm to 6 μm
(PRSA probes, SCL-Sensor. Tech. Fabrication GmbH, Austria) we
approximate κ � 0:1 and obtain a sensitivity of S � 3 kV=m and a res-

olution of
ffiffiffiffiffi
δ2N

q
AFM

� 0:1 nm at Δf ¼ 1 kHz, which was experimentally

confirmed yielding S � 4 kV=m and
ffiffiffiffiffi
δ2N

q
AFM

� 0:1 nm using a piezor-

esistive pseudo half-bridge configuration of R ¼ 1 kΩ and a longitudinal
piezoresistive coefficient of πeff ¼ 0:472 GPa�1, operated at U0 ¼ 2 V
in a bandwidth of Δf ¼ 4:8 kHz [13].

4. Results

Measurements with the piezoresistive microprobes mounted in a
Cypher AFM can be performed by exploiting either the laser signal via the
common optical lever method [25, pp. 67–69] or the output signal of the
piezoresistive microprobe. Unfortunately, these two signals cannot be
acquired simultaneously.

Fig. 6 shows deflection-displacement curves on a glass sample [26,
27], i.e. the deflection δ of the cantilever versus the displacement Z of the
AFM piezo actuator, acquired with the optical lever method (top panel)
and with the piezoresistive signal (bottom panel). The laser curve has a
quite low noise (see below); small, not continuous oscillations along the
zero line are most likely due to optical interference [26]. The contact line
is fairly straight, and the jump-off contact (minimum of the retraction
curve in blue) due to the capillary force can be seen very well.

The piezoresistive curve shows a considerably higher noise (not clearly
visible here, see below). Hence, it is evident that forces smaller than 25
nN (see below) and small differences of the elastic moduli of the sample
cannot be measured with the piezoresistive signal. The slope of 39.62
μm/V of the contact line measured through a linear fit agrees very well
with the value of 40 μm/V expected from the sensitivity S ¼ 250 V/m of
the CAN50-2-5 piezoresistive microprobe and the gain of the preampli-
fier (G ¼ 100).

For determining the noise of the microprobe and thereby the mini-
mum detectable tip deflection, deflection-displacement curves were ac-
quired on glass with different velocities and with different dwell times
between approach and retraction. Fig. 7 shows an exemplary curve with a
dwell time of 600 s and ca. 20 s loading/unloading times. The red and
black curves were acquired using the laser and the piezoresistive signals,
respectively. The two insets show the 20 times magnified signals along
the zero lines (bottom left) and during a part of the dwell time (top right).

For the noise analysis, three regions of the curves should be distin-
guished: the zero line (no contact between tip and sample), the dwell
region (contact between tip and sample), and the contact line (contact
between tip and sample during piezo extension). Table 2 shows the noise
deflections of the microprobe tip in nanometers, which were determined
as standard deviation ðσÞ and maximum peak-to-peak deflection in the
three mentioned intervals, both for the laser and for the piezoresistive
signal. Four deflection-displacement curves with different load-dwell-
unload times and with maximum deflections of ca. 2.37 μm were
analyzed. For comparison, noise values of a commercial AFM cantilever
(PPP-NCSTAuD from Nanosensors, 152 μm long, 29 μm wide, 2.7 μm



Fig. 6. (Top) Deflection-displacement curve on a glass surface acquired in air
with the optical-lever method at a frequency of 0.15 Hz. (Bottom) Same as in
the top panel but using the piezoresistive output signal of the microprobe. The
approach curves are in red, the retraction curves in blue. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 7. Deflection curves versus time on a glass surface with a dwell time of ca.
600 s and loading/unloading times of ca. 20 s. The red curve was acquired with
the optical lever method, the black one with the piezoresistive signal. The insets
show 20 times magnified signals along the zero lines (bottom left) and during a
part of the dwell time (top middle). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 2
Noise deflection in nanometers as standard deviation ðσÞ and as peak-to-peak
noise for four deflection-displacement curves, denoted with the load-dwell-
unload times, determined in three different regions of the curves (zero line,
loading line, and dwell interval) both for the laser and for the piezoresistive
signal. The last three rows show the corresponding noise values measured with a
commercial cantilever (PPP-NCSTAuD from Nanosensors, 152 μm long, 29 μm
wide, 2:7 μm thick, elastic constant kc ¼ 7:3 N=m).

Laser signal Piezoresistive
signal

σ peak-to-
peak

σ peak-to-
peak

5-2-5 zero line 1.6 8.9 2.6 17.2
contact line 1.7 11.6 2.7 19.7
Dwell 1.5 10 2.7 20.2

10-5-10 zero line 1.3 9.2 2.8 20.9
contact line 2.1 12.7 2.8 20.2
Dwell 1.6 11.2 2.9 20.8

20-15-20 zero line 1.1 7.7 2.9 22.1
contact line 2.6 17.7 3 23.6
Dwell 1.8 13 3.1 24.3

20-600-20 zero line 1.4 9.5 2.9 21.8
contact line 2.8 17.5 3.9 27.5
Dwell 7.5 45.8 18.7 101.9

Theoretical 1000 s zero
line

2.4

1000 s dwell 3.0
8-600-8 with PPP-
NCSTAuD

zero line 0.02 0.24

contact line 0.03 0.18
Dwell 0.1 0.76

M. Fahrbach et al. Measurement: Sensors 15 (2021) 100042
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thick, elastic constant kc ¼ 7:3 N=m) in the three regions are given in
the last three rows. All curves were smoothed using a low pass filter with
a cut-off frequency of 1 kHz. In addition, theoretical noise values were
calculated using Eqs. (1) to (5) and the respective data in Table 1 for zero
deflection and δ ¼ 2:5 μm, respectively.

In general, the noise is smaller along the zero line, since tip and sample
are not in contact and the only sources of noise are the thermal noise of the
cantilever and the electronic noise of the optical lever and of the micro-
probe output signals, respectively. The noise increases when tip and
sample are in contact, due to mechanical vibrations of the sample, notably
along the contact line, since the piezo is extending. The considerably
higher noise during the 600 s dwell is due to long-time oscillations; wefind
a vertical drift of ca. 40 nm in 600 s for both curves. It should be noted that
no feedback signal was used during the dwell. The tip was kept statically in
the position where the trigger point was reached.

As can be noted already in Fig. 7, in particular in the left bottom inset,
in all three regions, the noise in the curves acquired with the piezor-
esistive signal is higher (typically twice as high, up to a factor of 2.9) than
in the curves acquired with the laser signal.

Since the microprobe used for the measurements is exactly the same,
the differences between the noise measured with the piezoresistive signal
and the laser signal in Table 2 cannot be due to the mechanical-thermal
noise of the cantilever or to vibrations of the sample. They are expected
to be caused by differences in the sensitivity of the two signals and the
electronic noise caused by the piezoresistive Wheatstone bridge, the
instrumentation preamplifier, and fluctuations of the bridge supply
voltage. In fact, the measured noise values of the piezoresistive signal
agree very well with the theoretical expectation calculated using Eqs. (1)
to (5). Furthermore, with small piezoresistive cantilevers of L¼ 70 μm, w
¼ 30 μm, and b ¼ 4 μm to 6 μm (PRS probes, SCL-Sensor.Tech. Fabri-
cation GmbH, Austria), a sensitivity of S � 0.05 V/μm and a resolution of
� 0.03 nm at a bandwidth of Δf ¼ 20 kHz were reported [13], which
corresponds well to the noise values observed with the PPP-NCSTAuD in
the present study (Table 2).



Fig. 8. Topography of a scratched glass surface acquired in air with the optical
lever method at a line acquisition rate of 1 Hz (top) and with the piezoresistive
signal at 0.1 Hz (bottom). Both scan areas are ð25 μmÞ2.
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For dwell times up to 15 s, we do not detect considerable drift of the
deflection during the dwell phase. We conclude that the microprobe
holder is mechanically stable without any compliant elements, e.g., glued
connections between the microprobe die and its PCB and between the
microprobe PCB and the aluminum body. For the 600 s dwell, additional
noise sources, e. g., due to electromagnetic radiation, which was not
considered in our theoretical calculations, or long-time oscillations may
have led to the strongly impaired resolution of the piezoresistive
microprobe.

The comparison with the commercial AFM cantilever shows that the
noise of the microprobe, even with the laser signal, is 1 to 2 orders of
magnitude higher. The vertical drift of the commercial cantilever (14 nm
in 10 min) is lower, too. The considerably larger noise of the microprobe
cannot be explained by the cantilever geometry as in the case of the
piezoresistive read-out. In the case of optical-lever read-out, measure-
ment noise must be considered in addition to thermal noise. For the latter
we calculate using [27]:

δth ¼
ffiffiffiffiffiffiffiffiffiffiffi
c
kBT
3kc

r
(7)

with c ¼ 4 (and c ¼ 1), i. e., in the cases without (and with) contact to a
(hard) sample, respectively, similar values of δth ¼ 24:5 pmRMS
ð12:3 pmRMSÞ and 27:2 pmRMS ð13:6 pmRMSÞ for the microprobe (kc ¼
8:45 N=m) and the PPP-NCSTAuD (kc ¼ 7:3 N=m).

More than thermal noise, the noise of the optical-lever read-out
technique represented by laser and photodiode shot noise and noise by
the read-out electronics dominates the total integrated noise. Assuming
an optimum design of the optical-lever system, the photodiode shot noise
will usually dominate the total integrated noise with a theoretical lower
limit of 60 pm at a low-pass filter bandwidth of 10 kHz [28]. While this
optimal design of the optical lever system was realized for the
PPP-NCSTAuD, considerable optimization (i.e. laser spot size, posi-
tioning on the cantilever, increasing the reflectivity of the cantilever)
would be necessary for the CAN50-2-5 to yield similar low noise values.
In this study, however, we forego and concentrate on evaluating the
piezoresistive output performance of the microprobe, for which we
experimentally found deflection noise values according to the theoretical
expectation.

The microprobe was employed to acquire the topography of a
scratched glass surface in contact mode, both with the common laser
signal and with the piezoresistive signal, as shown in Fig. 8. The scan area
was ð25 μmÞ2 in both cases. Due to the low sensitivity of the piezor-
esistive signal, in order to get a suitable feedback loop, the corresponding
image was acquired at a low frequency (0.1 Hz instead of 1 Hz). The
alternative of adjusting the feedback parameters was thoroughly exam-
ined. However, a degradation of feature clarity was observed. A future
redesign of the interface PCB with the aim of amplifying the piezor-
esistive signal corresponding to the optical readout should allow to in-
crease the scan frequency to 1 Hz without losing clarity.

The congruence of the two topographies is very high. This confirms
that the topography of samples can be detected with high resolution
using both the optical-lever and the piezoresistive signal. Some details of
the topography are sharper in the piezoresistive image, due to the lower
scanning frequency.

Several details in the two topographies in Fig. 8 show that – at this
stage of the measurements – the tip has a sharp spherical apex with a
radius smaller than 200 nm. In the following measurements, due to
several contact scans in between, tip wear occurred. Therefore, in the
following, the blunt tip should be modeled with a truncated pyramid or a
truncated cone, and not with a paraboloid. The width of the apex is be-
tween 2 μm and 3 μm. It was not determined before each measurement,
in order to avoid further wear.

Fig. 9 shows the results of a force-volumemeasurement on the edge of
an AZ 5214E photoresist film on silicon, acquired by exploiting the pie-
zoresistive signal. A force-volume [25, pp. 79–80] is an array of
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force-distance curves (50� 50 in this case) acquired on a certain area
ð25�25 μm2Þwith the same maximum force (10 μN) and the same curve
acquisition frequency (1 Hz). The top part of the figure shows two typical
deflection-displacement curves on silicon (left) and on the polymer film
(right). Approach curves are in red, retraction curves are in blue.

Apart from the high noise in the curves, which has been already
discussed, a feature of the retraction curve on silicon is remarkable,
namely the oscillations after the jump-off-contact, i.e. the discontinuity
separating the zero line and the contact line in the retraction curve. The
adhesion is mainly caused by the capillary force exerted by a thin water
film on the sample. The oscillations after the jump-off-contact are a
consequence of the sudden break of the water meniscus and of the
following sudden detachment of the tip from the sample. Due to its low
resonance frequency, the CAN50-2-5 oscillates with an exponential
damping for ca. 0.14 s after detachment. This artifact, which may result
in a serious drawback for the automatic analysis of force-volume mea-
surements, has to be avoided, e. g. by a damping layer on the cantilever.

The bottom part of Fig. 9 shows the topography (left), the stiffness
map (middle), and the map of the adhesion force (right). The silicon
substrate is on the left side of the maps, the polymer film on the right side.
The topography was measured as the value Zmax, at which the maximum
force is reached. This value is a measure of the local height of the sample
only if deformations are small; this is the case in the present



Fig. 9. Force-volume at the border of an AZ 5214E film on silicon, acquired by exploiting the piezoresistive signal. (Top) Typical deflection-displacement curves on
bare silicon (left) and on AZ 5214E/silicon (right). Approach curves are in red, retraction curves are in blue. (Bottom) Topography (left) and maps of the stiffness
(middle) and of the adhesion force (right). The area of the maps is ð25 μmÞ2. The silicon substrate is on the left side of the maps, the polymer film on the right side. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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measurement. Despite the larger noise of the CAN50-2-5 microprobe
compared to the AFM cantilever, the bare silicon and polymer-coated
areas of the sample can be distinguished very well. The thickness of
the polymer film is determined to 279 nm � 28 nm.

In general, the stiffness of the cantilever-sample system is a rough
measure of the mechanical properties of the sample. Along the contact
line, the following equation is valid in the limit of small sample de-
formations [25,29]:

kcδ¼ kcks
kc þ ks

Z ¼ keffZ; (8)

where kc and ks are the elastic constants of cantilever and sample,
modeled as springs. The relative effective contact stiffness is given by
α ¼ keff=kc. If the sample is much stiffer than the cantilever, keff � kc, i.e.
α � 1 and δ � Z; at the other limit, if the sample is much more compliant
than the cantilever, keff � ks and α � 0. This model is quite simplistic; as
a matter of fact, the sample cannot be described as a spring and its “spring
constant” depends on the contact area. Following Hertz theory, the
“spring constant” of the sample is given by:

ks ¼ 3
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
FRE2

tot
3
p

; (9)

where R is the tip radius and the reduced elastic modulus Etot is yielded
by:

1
Etot

¼ 3
4

�
1� ν2

E
þ 1� ν2t

Et

�
; (10)

with E and Et and ν and νt denoting Young’s moduli and Poisson’s ratios
of sample and AFM tip, respectively. Equation (9) is valid for a hemi-
spherical or paraboloidal tip. Also for other tip geometries, even if
different exponents must be used, ks depends on the geometrical pa-
rameters describing the tip.

Even a simple observation of the typical force-distance curves in the
upper row of Fig. 9 shows that deformations of the polymer film, and
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hence differences in the stiffness, occur only at the beginning of the
contact. Hence, in order to enhance the contrast in the map, the stiffness
was calculated by fitting a short part of the approach curve after the
jump-to-contact (0 < Z < 130 nm). This contrast is not very pro-
nounced, since the used tip of the CAN50-2-5 was large and therefore
keff � kc not only on the bare silicon but also on the polymer film. With
kc ¼ 8 N=m, R ¼ 1 μm, and F ¼ 5 μN, a sample with Etot ¼ 0.18 GPa is
already 10 times stiffer than the cantilever. Nevertheless, the two regions
of the sample can be distinguished. The values of the stiffness on silicon
and on AZ 5214E are 0.98 � 0.02 and 0.90 � 0.08, respectively.

The adhesion force Fadh was measured as the force at the jump-off-
contact. The values on silicon and on AZ 5214E are 3.3 μN � 0.5 μN
and 0.77 μN� 0.18 μN, respectively. The distinct contrast in the adhesion
map is due to the strong interaction between the silicon sample and the
silicon tip, the large tip radius, and the roughness of the polymer film,
reducing the contact area with the tip. Furthermore, since adhesion in air
is mostly due to the capillary forces exerted by a thin water layer
adsorbed on the sample surface, it can be assumed that AZ 5214E is less
hydrophilic than silicon; hence the water layer adsorbed on it is thinner
and exerts a lower force. The very low adhesion at the very edge of the
polymer film is due to topography artifacts, which affect the contact area,
too [25, pp. 83–85]. Instead, stripes on the silicon surface, visible only in
the adhesion map, are a consequence of tip contamination with polymer,
depending on the scan direction.

On a similar sample (same polymer on silicon, but with a lower
thickness), measurements were performed in Dual AC Resonance
Tracking (DART) mode [30,31] exploiting the piezoresistive signal. In
DART mode, while scanning the sample in contact at a certain load, the
cantilever is excited at two frequencies on either side of its contact
resonance frequency fc. This allows the tracking of fc.

Fig. 10 shows four maps obtained through a DART-measurement on a
30 μm� 28:115 μm area at the border of the polymer-coated region. The
bare silicon substrate is on the left side of the maps, the polymer film on
the right side. The measurement was performed with a static load of 6.8
μN exploiting the first flexural mode. In the top panel, the topography



Fig. 10. DART-measurement at the border of an AZ 5214E film on silicon, acquired by exploiting the piezoresistive signal. (Top) Topography (left) and contact
resonance frequency (right). (Bottom) Phase shift of the oscillation corresponding to both frequencies on either side of the contact resonance frequency. The area of
the maps is 30 � μm� 28:115 � μm. The bare silicon is on the left side of the maps, the polymer film on the right side.

Fig. 11. Histogram of the contact resonance frequency fitted with a double
Gauss curve.
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(left) and the contact resonance frequency (right) are shown. The bottom
panel displays the phase shift of the oscillation corresponding to both
frequencies on either side of the contact resonance frequency.

The topographymap shows that the edge of the polymer film is 51 nm
� 2 nm high and ca. 2.6 μm wide. Yet, the width is affected by the large
radius of the tip of the CAN50-2-5. Furthermore, the thickness of the film
increases with the distance from the edge (ca. 0.8 nm per micrometer).

The contact resonance frequency fc depends on the elastic modulus E
of the sample, and hence on sample stiffness. In particular, fc increases
with increasing modulus [32]. If the system can be modeled as two
springs with elastic constants kc (cantilever) and ks (sample) and de-
formations are only elastic and can be described by Hertz theory (i.e., the
adhesion is negligible), the contact resonance frequency can be written as
[33]:

fc �

2
645
4
π

1
γx0L

0
B@1�

�
5
12

π
�2 kcffiffiffiffiffiffiffiffiffiffiffiffiffi

FRE2
tot

3
p

1
CA
3
75

2

f0

¼
�
5
4
π

1
γx0L

�
1� 1

6

�
5
4
π
�2kc

ks

��2
f0:

(11)

The parameter γ is the relative position of the tip on the cantilever;
x0L and f0 are the wavenumber and the free resonance frequency for the
first free flexural mode.

The contrast in the frequency map between the bare silicon and the
polymer-coated areas is not very pronounced. This is due to the small
differences in modulus between substrate and a thin film, but also to the
large tip radius, which increases ks. The large tip radius and the presence
of a sharp step in the topography, reducing the contact area, are
responsible also for the very low contact resonance frequencies at the
very edge of the polymer film. Nevertheless, in the histogram of the
contact resonance frequency plotted in Fig. 11, the two materials in the
two regions of the sample can be distinguished.

The histogram was fitted with a double Gauss curve; the contribution
of the polymer-coated silicon is centered at 14.145 kHz with a width of
35 Hz, the contribution of the bare silicon is centered at 14.200 kHz with
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a width of 34 Hz. This is in good agreement with previous measurements
using CAN50-2-5 sensors and AZ 5214 samples, where we measured
contact resonance frequencies in the range of 14.11 kHz to 14.27 kHz
with standard deviations of 21 Hz to 41 Hz [8]. Furthermore, studies with
other thin polymer films on silicon substrates using these sensors report
similar frequencies [6,9,34]. A better signal-to-noise ratio can be ex-
pected using higher resonance modes, e. g. the second mode as shown in
Ref. [8]. However, a higher probing force will then be necessary to offset
the lower deflection amplitude.

It is difficult to name the exact origin of the fluctuations of the
contact resonance frequency that are visible in Fig. 10. In this mea-
surement, they probably originated from contamination of the tip with
polymer particles. This contamination could have happened when the
tip was scanned across the polymer film. Most likely, the contaminants
got lost later during the scan. Nevertheless, the fluctuations were in a
very narrow frequency interval. This can be seen in the histogram in
Fig. 11, where the peaks corresponding to the bare silicon and the



Fig. 13. (Top) Map of the thickness of a Lupranol liquid film partially covering
a glass surface, with 50 � 50 deflection-displacement curves over an area of
ð30 μmÞ2. (Bottom) Vertical line profile across the thickness map at the hori-
zontal position x ¼ 27:8 μm. The origin of the coordinate system is in the lower
left corner of the thickness map.
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polymer-coated silicon can be clearly distinguished, although they
differ by only 55 Hz.

A quantitative analysis using Equation (11) appears to be rather
speculative due to the non-ideal shape of the tip and its unknown relative
position γ, which has a sensitive effect on the contact stiffness. Regarding
the large uncertainties, which have to be expected, and the limited
amount of experimental data obtained so far, quantitative results for
contact stiffness or tip radius might be considered as rather meaningless
and shall thus not be given here.

The two maps of the phase shift corresponding to the selected fre-
quencies on either side of the contact resonance show a very clear
contrast between silicon and AZ 5214E. The phase shift is related to
energy dissipation but cannot be easily modeled. The large differences in
the adhesion are likely to be responsible for the differences in phase shift.

Another application of a force volume is the characterization of a thin
lubricant film on a substrate [35,36]. Due to its dimensions and versatile
read-out, the CAN50-2-5 piezoresistive microprobe is an excellent choice
for such a task, e.g. on non-planar workpieces. Here, as an exemplary
application, a force volume was acquired on a glass surface covered with
a liquid lubricant, namely Lupranol VP 9209 (BASF, Germany), a poly-
alkylene glycol.

A single deflection-displacement curve is plotted in Fig. 12, with the
approach part in black and the retraction part in gray [37,38]. At a dis-
tance of 174 nm from the glass substrate, the tip jumps into contact with
the liquid. Afterwards, the tip goes through the liquid film, which wets
the tip, leading to a slightly attractive force, till the tip comes into contact
with the glass substrate and the force becomes repulsive. In the retraction
curve, the detachment from the liquid takes place at a distance of 2516
nm, which is much larger than the thickness of the Lupranol layer. For
this lubricant, this is due to the formation of a meniscus and to the
(partial) pinning of the three-phase contact line. Hence, the meniscus is
stretched before the liquid detaches from the tip.

Such curves can be used to detect the thickness t of a liquid film on an
arbitrary body. It is given as the distance between the jump-to-contact
with the liquid and the jump-to-contact with the substrate, minus the
deflection of the cantilever at the jump-to contact with the substrate. The
thickness can be mapped, as shown in the top panel of Fig. 13.

Themap shows a liquid film with an average thickness of 90 nm in the
bottom right corner of the scanned surface. As can be seen in the line
profile in the bottom panel, although the distance between two succes-
sive curves (600 nm) is smaller than the width of the apex of the trun-
cated tip, the borders of the liquid film can be detected quite well. At
some points on the bare substrate small drops with a thickness of ca. 20
nm are visible. This is due to the noise in the deflection-displacement
curves, affecting the automatic analysis, and/or to the presence of
small lubricant droplets on the tip.
Fig. 12. Deflection-displacement curve on a Lupranol film on glass surface ac-
quired with the piezoresistive signal of the microprobe at 1 Hz. The approach
curve is in black, the retraction curve in gray.
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5. Conclusion

A long slender piezoresistive silicon microprobe (CAN50-2-5, CiS
Forschungsinstitut für Mikrosensorik, Erfurt, Germany) with customized
dimensions aimed for versatile metrological tasks on industrial work
pieces was investigated in a Cypher atomic force microscope (AFM) and
compared to standard AFM probes as a benchmark. For this, a probe
holder was designed and fabricated which enabled a drop-in replacement
of the standard cantilever holder without requiring to adapt in the AFM
itself. Deflection-displacement curves on glass using the piezoresistive
output signal revealed a vertical resolution of 2.8 nm at a bandwidth of 1
kHz, which corresponds well to the theoretical value of 3.0 nm expected
from sensitivity and noise of the microprobe. With area-selectively thin
polymer-coated silicon wafers, force-volume and contact-resonance
measurements were performed yielding maps of topography, stiffness
and adhesion force with reasonable contrast across the different areas of
the samples. Lateral resolution was found to be limited by the diameter of
the apex area of the silicon probing tip (of few μm), which was affected
by wear and thus took the shape of a truncated pyramid or cone similar to
Refs. [3,6]. Nevertheless, using force-volume measurements with liquid
samples, a thickness map of a 90 nm lubricant layer on silicon could be
obtained. In this case the lateral resolution was sufficient to reveal the
lateral limitation of the liquid film reasonably.

These results confirm that the piezoresistive silicon microprobe is a
promising candidate to solve various emerging tasks of industrial surface
metrology, e. g. fast micro-finish measurements on manufacturing ma-
chines, including flatness, waviness, roughness and microform as well as
elasticity, thickness, adhesion, wear, etc. of thin solid or liquid deposits
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on work pieces. Increase of the measurement range, higher damping for
high-speed scanning and direct cantilever actuation for high-order-mode
contact-resonance spectroscopy are the next steps of improvements of the
microprobe features. Furthermore, the present silicon tips will be
replaced by glued diamond tips to ensure stable well-defined contact
conditions.
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