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Abstract— Atomic force microscope (AFM) is a powerful in-
strument, which has been successfully employed in a myriad of
applications from imaging to lithography, over the last decades.
Despite its widespread use, low throughput of the AFM remains
one of its major limitations along with slow scan rates in tapping
mode. In this work, we propose a microfabricated cantilever
array composed of five cantilevers, each equipped with on-
chip piezoelectric displacement sensors and an actuator for
parallel imaging in tapping mode. The cantilevers are designed
to have separate resonance frequencies in order to effectively
minimize the vibrational coupling. The measured resonance
frequencies range from 85.34 kHz to 107.78 kHz, and more
than 5 kHz resonant frequency separation is achieved in the
neighboring cantilevers. Vibrational coupling is mitigated by
over two orders of magnitude compared to arrays with identical
cantilevers. The common feedthrough problem in this type
of active system is addressed by configuring the displacement
sensors differentially. Finally, one of the cantilevers in the array
is successfully employed for tapping mode AFM imaging.

I. INTRODUCTION

Over the years, atomic force microscopy (AFM), has
demonstrated a great potential in a variety of applications
[1]-[3]. Among the different operation modes of AFM,
tapping mode (TM) has been especially preferred over others,
when dealing with delicate samples. In a typical TM-AFM
operation, a microcantilever with a sharp tip is excited to os-
cillate close to its first resonance frequency by a piezoelectric
shaker, and is brought in intermittent contact with the sample
surface. As the cantilever is scanned over the surface, the
amplitude and frequency of oscillation alter due to the change
in the topography. Based on the modulation technique, the
amplitude or frequency of oscillation is kept constant by
a Z-positioner driven by a PI controller, which adjusts
the distance between the cantilever and the sample. This
well-established method has been employed to measure the
mechanical, electrical and chemical quantities, manipulate
the matter at micro/nanoscales and many other applications
in air and liquid environments.

Despite its widespread use and advantages, throughput
and scan speed of the conventional TM-AFM have remained
limited over the years. One of the practical ways to increase
achievable throughput is to replace the single AFM probe
with an array of cantilevers. To date, a number of array
configurations are proposed to reach this goal for both static
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and dynamic mode AFM operations [4]-[9]. Such arrays can
be easily composed of tens or even hundreds of cantilevers.
Regardless of the operation mode, it is highly desirable
and practical for each cantilever in the array to have self-
sensing and actuation capabilities, which would otherwise
require separate laser/photodiode for displacement sensing,
a base shaker for actuation, and a Z-positioner for each
cantilever. Importantly, on-chip transducers also provide a
cleaner frequency response compared to base shaker actuated
conventional systems, and enable a more accurate system
identification [10] for control applications. However, there
are also significant challenges towards the implementation
of active cantilever arrays for dynamic parallel operation.

Mechanical crosstalk among the cantilevers is a significant
problem in the array configurations, especially when can-
tilevers operate in dynamic mode, and have close or identical
resonant frequencies [11]. In this mode, cantilevers anchored
to the same substrate are simultaneously driven near their
first resonances. Vibration of the cantilevers transmit to the
adjacent cantilevers through the substrate, and causes sec-
ondary, tertiary and even higher order mechanical couplings,
rendering the use of arrays in high precision applications
impractical. On the other hand, electrical feedthrough from
the actuation signal to the sensor output of each cantilever
has the effect of altering the resonance dynamics, which
results in a drastic decline in the dynamic range. While these
problems were partially addressed for single active cantilever
configurations, fully operational cantilever arrays for TM
operation are highly limited in the literature.

In this work, we address the mechanical crosstalk, and
electrical feedthrough problems by using a piezoelectric can-
tilever array composed of five cantilevers each equipped with
a piezoelectric actuator, and two displacement sensors. The
vibrational cross-coupling problem is mitigated by over two
orders of magnitude by: (1) designing the cantilevers with
different dimensions in order to separate their resonance fre-
quencies, (2) having sufficient cantilever separation, and (3)
inclusions of grooves among the cantilevers on the substrate.
Moreover, the common electrical feedthrough is mitigated
by our previously demonstrated differential configuration for
active microcantilevers [12], [13]. System identification is
done for one of the cantilevers in the array, and later the
same cantilever is successfully employed for tapping mode
imaging using the on-chip elements.
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Fig. 1. A schematic of the piezoelectric cantilever array.

II. DESIGN AND MICROFABRICATION OF THE
CANTILEVER ARRAY

The cantilevers in the array are designed in different
geometries using CoventorWare software package in order to
separate their resonant frequencies, and correspondingly to
minimize vibrational cross-coupling during parallel tapping
mode AFM operation. The resonant frequencies of the can-
tilevers range from 85.34 kH z to 107.78 kH z, and more than
5 kH z resonant frequency separation is achieved between the
neighboring cantilevers. Cantilever dimensions along with
their resonant frequencies are summarized in Figure 1 and
Table 1. Each of the five cantilevers contains three paral-
lel piezoelectric transducers, where the longer piezoelectric
element in the middle and the other two on the sides are
employed for actuation, and displacement sensing, respec-
tively. The displacement sensors are configured differentially
in each cantilever in order to reduce the common-mode
noise, as well as mitigate the electrical feedthrough from
the actuation signal to the sensor output. The details regard-
ing the mechanical crosstalk and the electrical feedthrough
mitigation are explained in the following sections.

The cantilever array is fabricated using standard cleanroom
processes. In contrast to our previous process flow in [12]-
[14], the probe tips are now integrated with the MEMS batch
fabrication process. The AFM array is fabricated using an n-
type <1 0 0> SOI wafer with 450-pm-thick handle layer,
1-pm-thick buried oxide (BOX) layer and 15-pm-thick St
device layer.

The fabrication process starts with the deposition of a 500-
nm-thick Si05 layer via Plasma-enhanced chemical vapor
deposition (PECVD) (Figure 2(a)). After that, the circular
tip mask is patterned by lithography, and the oxide layer is

TABLE I
SUMMARY OF THE CANTILEVER DESIGN PARAMETERS AND MEASURED
RESONANCE FREQUENCIES

Cantilever | # 1 #2 #3 #4 #5
Ly(um) 260 225 290 240 255
w1 (um) 240 240 240 240 240
La(pm) 180 215 150 200 185
wa(um) - 60 60 - 60

fres(kHz) | 8534 107.78 9829 9285 102.39
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Fig. 2. Microfabrication steps: (a) PECVD Oxide deposition, (b) Dry
etching of oxide to define the tip mask, (c) isotropic etch of Si via
RIE (d) sputtering of the bottom electrodes (Ti/Pt) and lift-off, (e) AIN
sputtering and etching, (f) deposition of the top electrodes (Cr/Au) by E-
beam evaporation, and lift-off (g) RIE and DRIE etching of the thermal
oxide and Si device layer (h) Backside etching and release of the array.

crau [l sio2 Si

etched via reactive ion etching (RIE) down to the device layer
(Figure 2(b)). Using the circular tip features as hard mask,
silicon device layer is anisotropically etched. As the etch
continues, the resulting structure gradually starts to resemble
an hour-glass shape, and the RIE etch is stopped, right before
the circular caps fall down, when the radius of the narrow
neck gets below 0.5 pm (Figure 2(c)). At this point, the wafer
is placed in oxidation furnace at 950 °C for 210 min. During
the wet oxidation, the circular caps fall down as the silicon
neck is consumed, and the apex of the tips are then formed.
Next, the oxide layer grown during the oxidation process
is removed by Buffered Oxide Etch (BOE 7:1). Another
oxide layer with 140 nm thickness is grown which will
electrically insulate the upcoming top and bottom electrode
layers. Finally, the tips are covered by a 10-nm-thick Cr
layer in order to protect the oxide on the tips against wet
etchants in the future steps.

After the tips are formed, bottom electrode features
(15 nm / 150 nm-thick T'i/Pt) are deposited by sputtering
and lifted off (Figure 2(d)). Next, a 750-nm-thick AIN is
sputtered, and a 250 nm SiOs is deposited by PECVD. The

Fig. 3.

SEM image of the microfabricated cantilever array.
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Fig. 4. Comparison of the mechanical crosstalk in: (a) an array comprised of identical cantilevers, (b) in our proposed array

PECVD layer is patterned and etched, and used as an hard
mask for wet etching of the AIN layer. AIN is etched by a
2.5 % Tetramethylammonium hydroxide (TMAH) solution at
80 C for about 45 s (Figure 2(e)). Next, the oxide hard mask
is removed, and the top layer features (15 nm / 500 nm-
thick C'r/Au ) are sputtered, and lifted off (Figure 2(f)). The
cantilever array shapes are patterned, and etched down to the
box layer by deep reactive ion etching (DRIE) (Figure 2(g)).
To release the cantilever array, the wafer is flipped, and
backside etch mask patterns are transferred. The oxide layer,
S handle layer and the BOX layers are etched by RIE, DRIE
and RIE processes, respectively (Figure 2(h)). The wafer is
cleaned by O, Plasma for 10 minutes and the array is glued
on and wirebonded to a PCB for characterization. A scanning
electron microscope (SEM) image of the microfabricated
device is shown in Figure 3.

III. EXPERIMENTAL CHARACTERIZATION
A. Experimental Investigation of the Mechanical Crosstalk

The magnitude of the mechanical crosstalk becomes sub-
stantially larger when closely spaced cantilevers with iden-
tical resonant frequencies are employed in the array. To
demonstrate the severity of this case in a clear way, a series of
experiments are conducted using a test array, which consists
of five identical cantilevers with a resonant frequency of 48
kHz. In this experiment, a laser doppler vibrometer (LDV)
is employed to apply a sinusoidal actuation signal to the
on-chip piezoelectric actuator of a single cantilever at a
time. While the excited cantilever oscillates at a free-air
amplitude of 200 nm, the effect of the vibrational cross-
coupling on the unactuated adjacent cantilevers are measured
by the LDV in terms of displacement. This experiment is
repeated for five times, and in each test a different cantilever
is excited alone, while others remain in their rest position.
Results indicate that, immediately adjacent cantilevers are

significantly affected by the mechanical cross-coupling and
oscillates at a free-air amplitude of above 20nm, which
corresponds to 10% of the main actuation. The effect of
cross-coupling decreases on the second and third adjacent
cantilevers and yields a 2% coupling. Very importantly, since
all the cantilevers would be simultaneously excited during
an actual scan, the mechanical cross-coupling would be
signifcantly larger than this experimental scenario.

Next, our proposed array is tested under the same con-
ditions and test procedures. As shown in Figure 4, the
mechanical crosstalk is subtantilaly mitigated compared to
the test array, and more than two orders of magnitude of
reduction is achieved.

B. Frequency Response of the Array and Feedthrough Can-
cellation

In order to obtain the frequency response of each of five
cantilevers from the input voltage to the output of the read-
out circuit, differential output of the on-chip displacement
sensors is obtained by a Zurich Instruments HF2LI lock-
in amplifier. Here, each cantilever is driven separately by
a sine-sweep signal with a 100 mV amplitude over a fre-
quency range around the resonance frequency. The resulting
cantilever frequency responses are shown in Figure 5 in
blue. While the dynamic range in the frequency responses
are relatively high, thanks to the differential configuration,
the presence of a zero in the vicinity of the pole near
the resonance of each cantilever indicates that the electrical
feedthrough is not fully mitigated. In order to maximize the
level of feedthrough reduction, for each cantillever, a tunable
gain is implemented right after one of the sensor outputs, and
prior to the differential amplifier in the readout circuit. By
adjusting the gain, when the differential sensor output levels
are matched, a phase of -90 degrees is achieved, and the
level of feedthrough cancellation is maximized. As shown in
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Fig. 5.
cancellation (FTC).

Figure 5 in red, the dynamic range at the first resonance of
each cantilever reaches over 30 dB. More details regarding
the readout circuit and electrical feedthrough cancellation can
be found in [12].

C. System Identification

After the feedthrough is cancelled and the dynamics of
the cantilever are revealed, the open-loop transfer function
of Cantilever #2 is identified from the actuation voltage
to the sensor output. While this type of systems usually
can be represented by a second-order transfer function, the
remaining electrical feedthrough originating from the chip
body, routing, bonding pads, cables and the readout circuit
necessitates inclusion of an extra pole and zeros to the
transfer function to model the system accurately. As shown
in Figure 6, a biproper third order transfer function is fitted to
the feedthrough-compensated frequency response using the
least squares method within the frequency range of 104 kHz
to 111 kHz, in order to model the first resonance of the
cantilever as:

G(s) =
1.828s% 4+ 3.097 x 10°s2 + 8.341 x 10''s 4+ 1.820 x 107
s3 + 1.388 x 10752 4+ 4.754 x 10115 + 6.364 x 1018

ey
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(a-e) Frequency response of the cantilevers #1-5 from the actuation voltage to the sensor readout circuit output before and after the feedthrough
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Fig. 6. Frequency response of the cantilever #2 together with the identifed
model.

IV. AFM IMAGING

A. Experimental Setup

For the imaging experiments, the second cantilever in
the array is used along with the embedded components of
a commercially available AFM (AFMWorkshop TT-AFM).
First, the array chip is mounted on a carrier PCB, which has
connections to the readout board containing the readout elec-
tronics for the differentially configured on-chip displacement
sensors, as well as the ports for the cantilever excitation. The
carrier PCB is then mounted on a 3D printed part which is
then assembled to the probe holder of the commercial AFM.
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Here, the base shaker and photodetector of commercial AFM
are electronically bypassed by the on-chip transducers of the
cantilever. Otherwise, the scanning operation and imaging
are done by the built-in components of the AFM and its
associated software.

B. Imaging

Cantilever #2 is employed to obtain the images of a cali-
bration sample (NT-MDT TGZ), containing repeating 110 +
2nm high rectangular steps with a period of 3.00 +0.05 pm.
Prior to the imaging, the cantilever is excited at its resonance
with an actuation voltage of 100 mV in order to achieve a
free-air amplitude of 200 nm, which is previously validated
by the laser doppler vibrometer. Using the commercial AFM,
the cantilever is approached to the surface in order to reach
the set amplitude which is adjusted to be around 60% of the
free-air amplitude. The scan rate and the scan area are set to
1 Hz, and 9 um x 9 pum, respectively.

The resulting 3D, and 2D topography images are shown in
Figure 7. The images are postprocessed by Gywddion using
standard built-in tools, namely, mean plane substraction, row
alignment and polynomial background removal.

V. CONCLUSION AND FUTURE WORK

In conclusion, we have demonstrated the design, fab-
rication, and characterization of an AFM cantilever array
designed for parallel scanning operation. The array com-
prises five piezoelectric cantilevers with on-chip sensing and
actuation capabilities that provide certain advantages includ-
ing, cleaner frequency response, rapid and straightforward
feedthrough cancellation, and bypassing of the bulky shaker
and laser/photodiode which exist in conventional systems.
Importantly, each cantilever is mechanically designed to have
a separate resonant frequency in order to drastically minimize
the vibrational coupling during the TM operation. We have
employed the second cantilever of the array for taping mode
imaging and sucessfully obtained the surface topography of
a commercially available calibration sample.

Future work will focus on parallel imaging using the array.
Reaching this goal necessitates implementing separate Z-
axis actuation on each cantilever. This can be achieved by
simultaneously applying the excitation signal at resonance
frequency and a DC bias which is fed by the Z-axis controller
output.

m !
0

3D and 2D AFM images of the calibration grating obtained by Cantilever #2.
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