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Abstract— This manuscript presents a novel microcantilever
with an embedded piezoelectric sensor-actuator pair for dynamic
atomic force microscopy (AFM). The transducer pair is con-
structed from a two-layered AlN stack. Stacking the piezoelectric
transducers in this manner leads to a minimal feedthrough from
actuation to sense electrode, granting a high dynamic range fre-
quency response for dynamic mode AFM. The cantilever’s design
allows for dual mode operation at 1st and 2nd resonance modes.
High resolution tapping mode imaging results are reported, while
the cantilever is operated at these modes. A feedback control loop
is used to modify quality factor of the 1st mode of the cantilever,
using a positive position feedback (PPF) controller. A faster
response time is achieved by reducing the Q-factor, enabling the
cantilever to track the topography at a higher scan rate. Results
of bimodal AFM imaging are reported, using amplitude changes
of the 1st mode for surface topography, while material properties
are encoded in phase changes of the 2nd mode.
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Index Terms— Atomic force microscopy (AFM), tapping mode
AFM, active microcantilever, microelectromechanical system
(MEMS), dynamic range, Q-control.

I. INTRODUCTION

DYNAMIC mode atomic force microscopy (AFM) is
of much interest in studying topography and mater-

ial properties of soft samples. Due to the intermittent tip-
sample contact, lateral forces that complicate contact-mode
AFM operations are eliminated enabling non-invasive surface
microscopy with a minimum tip wear [1]. Dynamic-mode
AFM can reveal further information on mechanical properties
of the surface such as its elastic modulus and viscosity, which
are not available in contact-mode imaging. These advantages
of dynamic imaging can further be extended with multifre-
quency/multimode AFM methods.

In a conventional AFM setup, a passive Si microcantilever
actuated by a piezoelectric base shaker, is forced to vibrate
near its resonance frequency, while its amplitude of oscillation
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is measured using the optical beam deflection (OBD) method.
This actuation/sensing arrangement makes it difficult to control
the dynamics of the microcantilever, and to reduce its dimen-
sions for on-chip and array realization of AFMs. This has
led to a significant interest in microfabricated cantilevers with
on-chip sensors and actuators. In particular, if the sensor and
actuator are collocated, it is possible to design and implement
highly efficient feedback controllers to arbitrarily change the
quality factor of the cantilever. This is known as Q-control [2].

Piezoelectric transduction has been among the most prac-
tical approaches for self-actuation/sensing of the cantilever
vibration. However, electrical feedthrough from actuation sig-
nal to readout has been a persisting problem associated with
this approach, limiting the dynamic range (DR) and signal
to noise ratio (SNR) of the device. The feedthrough signal
dominates the resonant induced piezoelectric effect, thus the
sensor cannot capture the dynamics of the cantilever near
the resonance. Off-chip feedthrough cancellation methods are
usually employed to subtract the feedthrough path and increase
the DR [3]. However, additional electronics for mimicking and
subtracting the feedthrough in such approaches lead to higher
noise baselines worsening the SNR. Also, these methods have
shown to be working within a limited frequency band, thus
require further tuning at other frequency ranges in multi-
frequency AFMs. Two arrangements for on-chip feedthrough
cancellation, based on differential sensing and pseudo actu-
ation concepts, were previously reported by our group [4].
These methods lead to higher DR and SNR, but still cannot
achieve the same level of performance as the OBD method.

We recently reported a new type of piezoelectric
microcantilevers with self-actuation and sensing capabilities.
A two-layer stack piezoelectric transducer enables three ports:
actuation, ground and sense. The feedthrough capacitive
path between actuation and sense ports is minimized to
achieve a high dynamic range operation at the 1st flexural
resonance mode. In addition, collocation of the sensor-
actuator pair on the cantilever results in negative-imaginary
frequency responses, guaranteeing closed-loop stability when
used in a feedback loop in conjunction with a strictly
negative-imaginary controller.

In present work, the mechanical structure of the cantilever
is changed to enable dual mode operation at the 1st and 2nd

resonance modes; located at 52 kHz and 329 kHz respectively.
The anchoring point of the device layer to the handle substrate
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is moved toward the substrate. Consequentlly, mode shapes of
the cantilever and piezoelectric sensor dynamics are changed
in favor of operating the probe in dual mode AFM. Operating
the cantilever at its 2nd mode, i.e. at a higher frequency,
provides adequate bandwidth for fast scanning. Furthermore,
reducing Q of the 1st mode facilitates cantilever operation
at this mode. Modulated-demodulated technique is utilized
for implementation of a PPF controller. This realization with
wideband lock-in amplifiers enables flexibile tuning of con-
troller parameters on the fly and is highly suitable for rapid
prototyping applications.

In section II of this report, we briefly describe the design
criteria of the microcantilever and present electromechanical
characterization results. Section III explains the Q-control
design and closed-loop system characterization. In section IV,
results of tapping mode AFM imaging at both modes are
demonstrated, and response times of operation at the 1st mode
with and without Q-control are compared accordingly. Also,
we perform bimodal AFM imaging to capture topographic and
phase image of a polymer blend sample. The phase changes
of the 2nd mode are recorded, when the amplitude changes of
the 1st mode follow the surface topography.

II. ELECTROMECHANICAL DESIGN AND

CHARACTERIZATION

A. Microcantilevers Design

Active microcantilevers with piezoelectric actuation and
sensing have emerged as good candidates to replace OBD
method in dynamic AFM. However, microfabrication of
closely spaced piezoelectric transducers on microcantilevers
leads to electrical parasitics which worsens the dynamic
range [4]. Separation of actuation transducer from the sense
transducer is a common approach to minimize capacitive
feedthrough path from actuation to sense electrode [5], [6].
However, actual realization of such active microcantilevers
requires a large surface area to provide enough space for both
actuation and sense transducers, and maximize sensor elec-
trode dimensions for collection of vibration induced charges.
As an alternative, one can stack the transducers on top of each
other to allow optimal use of available surface area on the
cantilever for the sense electrode, especially in case of small
cantilevers operating at higher frequencies [7].

The proposed cantilever is made of a 3 μm thick Si layer
with dimensions of 345 μm and 100 μm in length and width,
respectively; see SEM image of Fig. 1(a). A two-layer piezo-
electric stack transducer is microfabricated on top of the
microcantilever as a collocated actuation/sensing pair. The
top AlN piezoelectric transducer, in-between top Al electrode
and middle Mo electrode is used to stimulate the cantilever
into vibration. The bottom transducer, which is sandwiched
between middle and bottom Mo electrodes, is used for mea-
suring vibration-induced charges. Figure 1(b) illustrates the
cross-sectional view of the cantilever showing the constructing
materials and electrical connections for excitation and readout.
Further information on microfabrication of the microcantilever
is reported in [7].

Fig. 1. (a) SEM image of the microfabricated Si cantilever with a
collocated actuator-sensor pair. (b) Cross-sectional view of the cantilever
showing the constructing materials of the cantilever and the actuator-sensor
stack transducers.

Fig. 2. Mode shapes of the first and second modes of the cantilevers: (a) and
(b) anchored at 0 μm and (d) and (e) anchored at -50 μm. The color code
maps stress along X axis (StressXX). (c) and (f) are stress profiles of the first
and second resonance modes along X axis on the piezoelectric sensor. The
profile is normalized to provide a fair comparison of two cantilevers.

1) Mechanical Design: Generally, cantilevers following
Euler-Bernolli beam theory show a dominant first flexural
resonance mode, and the amplitude of vibration at the second
mode is more than an order of magnitude smaller. Figures 2(a)
and (b) show mode shapes of the 1st and 2nd resonance modes
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of such a cantilever. Consdiering reasonable damping in air at
these modes, one expects amplitude ratio of A2/A1 ≈ 0.05
excited with the same voltage amplitude.

A piezoelectric transducer covers the cantilever surface to
measure cantilever vibrations. The color code on mode shapes
in Fig. 2 maps mechanical stress along X axis of the cantilever
(stressXX). The stress corresponds to the cantilever bendig
or the second derivative of the cantilever transverse vibration.
As the stress profile of the 1st mode suggests, the piezoelectric
sensor experiences the maximum stress at the anchoring point
with zero displacement and a zero stress at the free vibrating
end of the cantilever (see blue color code in Fig. 2(a)).
The output charge of the piezoelectric sensor is a weighted
average of the surface stress. In other words, the ouput charge
of the sensor at the 1st mode is an integration of stress
induced charges on the piezoelectric sensor and is proportional
to the area under the bule curve (normalized stress profile)
in Fig. 2(c). For the second mode, there is a positive and
a negative maximum stress along X axis, which are painted
respectively in red and blue color codes in the mode shape of
Fig. 2(b). Similarly, the ouput charge of the second mode is
proportional to the area under the bule curve of the Fig. 2(f).
Thus, almost half of the charges induced in the piezoelectric
sensor on negative stress area are cancelled out with charges
on the area under positive stress. The deflection sensing gain
at the second mode is consequently smaller.

The cantilevers reported in [7] obey such behavior and are
highly suitable for operation in the 1st mode. However, proper
modifications are required to accomodate dual mode operation.
A change is introduced to the mechanical structure of the
cantilever to satisfy this requirement. The anchoring point of
the device layer to the handle layer is placed with a spacing
of 50 μm from the spot where the cantilever is attached to the
device layer. This feature is clear in the gray area between
cantilever and the substrate in Fig. 1(a).

Mode shapes corresponding to the 1st and 2nd modes for
this modified cantilever are shown in Fig. 2(d) and (e) respec-
tively. Although the mode shape at the 1st mode is slightly
changed, the piezoelectric sensor expriences a similar stress
profile to the cantilever reported in [7]. The stress profile
of the modified cantilever is shown with dashed orange line
in Fig. 2(c) in comparison with the stress profile of the
previous cantilever. Due to this modification, the actuation
gain at this mode is smaller than the privous case. However,
a considerable change is observed on the mode shape of the
2nd mode. The area under positive stress is now narrower with
a less stress intensity, while the area under negative stress
is expanded along the sensor. This behavior is depicted in
stress profile of dashed orange line in Fig. 2(f). The portion of
cancelled charges of the area under negative stress by positive
stress is relatively less than previous case (see shaded orange
areas compared with blue areas under curves). This leads to
a relatively higher displacement sensitivity at the 2nd mode.
Consequently, ratio of vibration amplitude of the 2nd mode to
the 1st mode is more than previous cantilever. The increase
in actuation and sense gains at 2nd mode relative to the 1st

mode makes this modified cantilever a better candidate for
dual mode operation.

Fig. 3. Dielectric capacitances: (a) between signal routings and the substrate
and (b) between electrodes and the substrate.

2) Electrical Feedthrough: Despite differences outlined
above, feedthrough mitigation is still equally effective. The
feedthrough capacitance emerges from two sources: electrical
routings on the probe substrate and piezoelectric layer dielec-
tric capacitances. These capacitances are shown in the capac-
itive model of Fig. 3, in which, CRs represent capacitances
from each of Al routings to the conductive substrate, due to
the oxide isolation layer, CP E between top/bottom electrodes
to the middle electrode on the cantilever through AlN piezo-
electric layers, and CB E between the bottom electrode and the
substrate. Ideally, these capacitances are eliminated by con-
necting the middle electrode and the substrate to the ground,
and there is no capacitive path from actuation (TE) to sense
electrode (BE). In practice, a small feedthrough capacitance
exists between the actuation and sense electrodes, which is
significantly smaller than dielectric capacitances. The effect of
this small capacitance shows up in higher frequency responses
of the cantilever, which is beyond the desired frequency range.

B. Characterization

The modal responses of the cantilever are characterized with
a lock-in amplifier (LIA) and the laser Doppler vibrometer
(LDV). The cantilever is stimulated into vibration by applying
a sine voltage to the top electrode, while the sense electrode is
fed to a readout amplifier circuit with a voltage gain of 100X.
The output of the readout circuit is fed back to the LIA as an
input. The frequency response functions (FRFs) from the actu-
ation voltage to the amplified sense signal are collected near
the 1st and 2nd resonance modes. The magnitude and phase of
the FRFs are plotted with solid blue lines in Fig. 4(a) and (b).

To characterize vibration of the cantilever near these two
modes by LDV, the cantilever is actuated by a sine voltage
delivered to the top electrode, while the laser beam is pointing
at the tip of the cantilever. The FRFs obtained with this method
are plotted in the same Fig. 4(a) and (b) with dashed red lines
for comparison. It is clear that the piezoelectric displacement
sensor response follows the dynamics of the cantilever near
resonances with a high dynamic range. Vibration induced
charges on the sensor electrode dominate the feedthrough
charges, and therefore high dynamic ranges are achieved.

A summary of performance of the cantilever based on
measurements obtained from piezoelectric displacement sensor
at these modes is presented in Table I. The SNRs are measured
while the cantilever is excited with a 100 mV actuation volt-
age. Owing to comparable DRs, Qs and SNRs at both modes,
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Fig. 4. Frequency responses of the microcantilever measured by the
piezoelectric sensor (blue line) and laser Doppler vibrometer (LDV): (a) 1st

and (b) 2nd resonance modes. Mode shapes of the (c) 1st and (d) 2nd

resonance modes.

TABLE I

SUMMARY OF MODAL RESPONSES OF THE CANTILEVER

the cantilever is an appropriate candidate for multifrequency
dynamic mode AFM imaging.

III. Q-CONTROL OF THE MEMS CANTILEVER

The inherent high Q of the MEMS microcantilever leads to
a narrow bandwidth, which appears in its transient response
when tracking sharp features on the sample. In this respect,
actively damping the cantilever’s resonance increases the
tracking bandwidth, which in turn allows for larger feedback
gains in z-axis feedback controller and a faster response time
[2]. A common approach to attenuate a resonant mode is
to use a positive position feedback (PPF) controller. This
controller functions similar to a differentiator in the vicinity
of the cantilever resonance resulting in velocity feedback
despite the displacement-like measurement being available
to the controller. Hence, the quality factor of the cantilever
can be modified by tuning the gain of the controller. When
compared to other Q-control techniques, due to a second order
compensator with a low-pass behavior, the PPF controller

Fig. 5. Schematic of involvement of the microcantilever within a control
loop for active Q-control using modulated-demodulated technique.

provides rapid roll-off to prevent spill-over into higher modes.
Moreover, according to the negative imaginary (NI) theory,
positive feedback interconnection of the PPF controller with a
cantilever, as a negative imaginary system, guarantees closed-
loop stability of the system in presence of unmodeled can-
tilever dynamics [6], [8].

Direct implementation of a high-bandwidth controller to
dampen the resonant modes introduces a large phase lag due
to the significant time delay at high frequency, which can
destabilize the control loop system and degrade its perfor-
mance. Alternatively, since the resonant modes have a band-
pass nature, a low-bandwidth controller can be synthesized
to augment the damping of the 1st resonance using the
modulated-demodulated technique [9].

As illustrated in Fig. 5, each branch of the modulated
controller consists of a demodulator, a baseband controller,
and a modulator. The modulator and demodulator operate
in quadrature/in-phase (QI) structure. The demodulator trans-
lates the sensor output to baseband from resonance, while
the modulator converts the control signal back to resonance
passband. The carrier frequency (ωc) is selected equivalent to
the cantilever’s resonance frequency to estimate the velocity
at resonance.

Here, we design and implement a PPF controller using
the modulated-demodulated technique; see [10] for further
detail. In this configuration, the baseband controller involves
a variable gain (K) and a first-order low-pass filter (F).
Accordingly, the equivalent LTI system is a PPF controller
[10] as

CP P F (s) = 2Kωbωc

(s + ωb)2 + ω2
c

(1)

where ωc is the carrier frequency and ωb is the cut-off
frequency of the low-pass filter. To effectively reduce the
quality factor to a desired value, the controller parameters
are extracted by solving a constrained optimization problem
considering the DC gain condition in NI theory [10].

This technique was previously utilized for controlling Q-
factor of flexible structures equipped with piezoelectric actua-
tors and sensors [9] and an AFM microcantilever with a single
piezoelectric actuator [10]. In contrast to these studies, here
we demonstrate how such a modulated-demodulated control
system can be realized with off-the-shelf equipments.

To implement the modulated-demodulated controller,
we use HF2LI lock-in amplifier and Analog Devices
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Fig. 6. Experimental frequency responses of the microcantilever with and
without Q-control measured by the piezoelectric sensor and LDV.

AD831 low-distortion mixers as the demodulator and mod-
ulator, respectively. The detailed interconnections between
different parts of the controller are shown in Fig. 7(d). In the
experimental setup, LIA-2 demodulates the sensor output and
generates the in-phase (I), and quadrature (Q) carrier sources
for the local oscillators (LOs). The LO-I, LO-Q, and in-
phase and quadrature components of the baseband signals,
denoted by X and Y, are fed into the mixers. Then, the mixers
output, IF-I and IF-Q, are combined and filtered with a
SR560 low-noise voltage preamplifier. As depicted in Fig. 7,
LIA-1 is used for excitation and reading out the sensor output,
while combining the controller output with actuation signal
for active Q-control. The variable gain K and the low-pass
filter’s cut-off frequency fb can be adjusted within LIA-2 to
obtain the desired Q. The proposed experimental setup is
straightforward to implement, which provides a flexible, wide
dynamic range and low-noise configuration in comparison to
a custom-designed circuitry.

Here, we reduce the Q to 109 to augment the damping
of the resonance at the 1st mode and achieve an accept-
able dynamic range. The desired Q is obtained by tuning
controller parameters to K = 1.5 and fb = 8.7 kHz. The
experimental FRF from actuation to sensor output with and
without Q-control are compared in Fig. 6. Similarly, frequency
responses of the tip displacement in open loop and closed
loop acquired with LDV are compared with the piezoelectric
sensor response. We observe that the quality factor is reduced
effectively which is translated to larger z-axis bandwidth for
tapping-mode AFM.

IV. AFM IMAGING

We perform tapping mode AFM imaging at the 1st and
2nd modes to capture the topographic image of a calibration
grating with step heights of 110 nm and a period of 3 μm. Effi-
ciency of the implemented Q-control method is demostrated
while tracking downward edges of the sample. To study the
effect of elastic moduli on the phase of the 2nd mode, we also
conduct bimodal AFM imaging on a Bruker PS-LDPE sample.
As shown in Fig. 8(b) and (c), the microcantilever is connected

to a voltage amplifier circuit and mounted on a custom-
designed cantilever holder to integrate with a AFMWorkshop
TT-AFM.

A. Tapping Mode

Slow transient response of the cantilever appears as the
scan rate becomes faster in high-speed tapping mode imaging.
Therefore, imaing experiments are conducted at the fastest
possible scan rate enabled by the commmercial AFM used
here which is 60 μm/s. The cantilever features a high Q
of 312, when operating at the 1st mode, which is translated to
a narrow z-axis bandwidth of 170 Hz for tapping mode AFM.
Such a narrow bandwidth slows down the transient response of
the closed-loop imaging system, leading to parachuting effect
while capturing step-like features on the topography shown
in Fig. 8(a). Consequently, Q-controlled microcantilever oper-
ating at the 1st mode is used for capturing the same feature;
see Fig. 8(b). With lower Q and hence a wider bandwidth,
the cantilever exhibits a faster response time; see the height
profile comparison depicted in Fig. 8(c).

To ensure the stability of the closed-loop system and
achieve high-performance tracking, the loop gain must be
small enough at resonance. However, the high quality factor
of the microcantilever reduces the gain margin and may cause
instability at high-speed scanning. Applying the Q-control
reduces the quality factor of the cantilever and decreases the
gain at resonance, accordingly. This provides enough gain
margin and allows for an increase in the gain of tracking
controller, which is a proportional-integral (PI) controller,
here. As Fig. 8(d) illustrates, by further increasing the PI
gain, a significant ringing appears in tracking response of the
microcantilever without Q-control.

Although cantilever’s 2nd mode quality factor is approxi-
mately twice that at the 1st mode, higher resonance frequency
of cantilever at this mode results in a faster response even
without the Q-control. Fig. 9 depicts the topography of the
same features when the cantilever is operating at the 2nd mode
without Q-control.

B. Bimodal Imaging: Phase Imaging

In a bimodal AFM setup of this experiment, the cantilever
is excited to vibrate at the 1st and 2nd modes simultaneously.
Changes in vibration amplitude of the 1st mode, A1, are used
to track the topography of the surface i.e. regular tapping
mode AFM, while changes in phase of the 2nd mode reflects
changes in elastic modulus of the surface [11]. The relationship
between the second mode parameters and the gradient of the
interaction force at distance d from the sample is (A02 � A01)

d Fts

dz
(d) ∝ k2 A02

Q2 A2
cos φ2 (2)

in which k2, Q2, A02, A2 are dynamic stiffness, quality factor,
free air vibration amplitude and contact amplitude of the 2nd

mode. Furthermore, based on Hertz contact mechanics model,

d Fts

dz
= 2Eef f a (3)
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Fig. 7. The complete AFM imaging setup including: (a) The active microcantiever with a sensor-actuator transducer pair, (b) The cantilever mounted on
the volage amplifier PCB board (The PCB board is loaded on a custom designed cantilever holder), (c) TT-2 AFM setup with the cantilever holder, and
(d) Modulated-demodulated controller setup for the active Q-control of the cantilever. LIA-1 is used for feeding the actuation signal to the cantilever and
demodulating the sensor output.

Fig. 8. AFM images of a calibration grating at the 1st mode (a) without Q-control (b) with Q-control. (c) Height profile of the calibration grating with and
without Q-control. (d) Height profile of the calibration grating after an increase in feedback gain.

where a and Eef f are the effective contact radius and elastic
modulus [11]. Here, the sample is a blend of Polystyrene (PS)
and low density Polyolefin Elastomer (LDPE) with elastic
moduli of approximately 2 GPa and 0.1 GPa, respectively.
According to (3), higher phase shifts are expected on PS
regions compared to PE.

The first and second mode free air vibration amplitudes
are set to A01 = 625 nm and A02 = 100 nm. The set
amplitude of A1 = 343 nm is selected for the 1st tapping
mode which is translated to %55 of the free air amplitude. Qs
are reported in Table I, and spring constants are calculated as
15 N/m and 403 N/m approximately. The results of bimodal
imaging are illustrated in Fig. 10. Figure 10(a) and (b)

show 2D and 3D profiles of topographies of the sample
in an area of 5 × 5 μm2 captured by the 1st mode. The
PS regions are distinguished as hill-liked features in the 3D
topographic profile. Also, a 2D image of phase difference
of the second mode is shown in Fig. 10(c); distinguished
by dark regions of PS vs. bright regions of LDPE [12].
It should be noted, that the phase difference is calculated
by substracting the phase φ2 from 90 degree phase at res-
onance. Figure 10(d) shows phase contrast distribution over
the imaging area. Thus, a cantilever with these bimodal
imaging parameters is capable of distinguishing these two
different polymer phases with a phase contrast of �φ2 ≈ 50
degree.
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Fig. 9. AFM image of a calibration grating at the 2nd mode without Q-
control.

Fig. 10. Bimodal AFM imaging at the 1st and 2nd mode of the microcan-
tilever on a LPDE sample: (a) 2D and (b) 3D topographic images at the 1st

mode. (c) Phase image at the 2nd mode. (d) Histogram of the phase at the
2nd mode.

V. CONCLUSION

We presented a new type of active microcantilever
with a collocated sensor-actuator pair, which features a
minimum feedthrough level to provide a high dynamic
range and signal to noise ratio at 1st and 2nd resonance
modes. These features make such cantilevers appropriate
candidates for multifrequency AFM methods. To achieve a
faster response time for operation at the 1st mode, quality
factor of the cantilever is actively modified. The positive
position feedback Q-control technique is implemented by
a modulated-demodulated approach. Tapping-mode AFM
imaging experiments were conducted on a standard grating.
While imaging at the 1st mode, the results suggest that the
Q-controlled cantilever provides a higher tracking bandwidth
and consequently a higher z-axis controller gain to achieve
a sharper transient response. Operating the cantilever at its
2nd mode provides enough bandwidth for a fast response
time without a applying a Q-controller. We also demonstrate
application of the cantilever in a bimodal AFM imaging.
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