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Abstract— Active Atomic Force Microscope (AFM) cantilevers with integrated actu-
ator/sensor pairs display larger feedthrough than conventional base excited can-
tilevers operating in conjunction with optical displacement sensors. To control the Q
factor of a cantilever, this feedthrough needs to be canceled or significantly reduced.
We use an AFM microcantilever with a double-stack sensor/actuator pair to address
the feedthrough cancellation problem. Our device provides two sensor signals: one
used for displacement sensing and the other for velocity measurement, with the latter
being used for feedback. A readout circuit is designed to sense the displacement
signal and to implement the velocity feedback controller. With this method, we were
able to reduce the Q factor from 390 to 30.

Index Terms— feedthrough cancellation, AFM, piezoelectric sensing/actuation, read-
out circuit, Q control

I. INTRODUCTION

INTRODUCTION of Atomic Force Microscope (AFM)
in 1986 [1] enabled unrivaled levels of performance in

microscopy. For the past 35 years, atomic force microscope has
been a major tool in scientific investigations at the nanoscale.
The subnanometer resolution and the ability to operate in
different environments have made the AFM a more attractive
proposition than similar methods like Scanning Tunneling
Microscopy (STM) and Scanning Electron Microscopy (SEM).
The AFM collects data by scanning the sample surface with
a sharp tip attached to the end of a microcantilever.

Several modes have been developed for AFM imaging,
with the most common being: (i) contact mode, in which
the tip and the sample are in contact throughout the scan;
(ii) tapping mode, in which the tip and the sample are in
intermittent contact; and (iii) non-contact mode, in which
there is no contact between tip and sample. Measurements
in contact mode imaging occur at low frequency. Thus, these
measurements are affected by flicker noise [2] and are prone
to low SNR. Continuous lateral forces acting on the sample
from the probe tip [3] may cause wearing of the tip, image
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distortion, damage to delicate/soft samples, and displacement
of weakly attached particles to the substrate. On the other
hand, in ambient conditions, a thin layer of water may coat
the surface of most samples, which may be several nanometers
in thickness, dependent on the relative humidity. The non-
contact mode requires that the tip must be kept close enough
to the sample for interatomic forces to be detectable but far
enough from the sample to avoid the tip from becoming stuck
in the fluid layer due to the strong attractive capillary forces.
A slower scan speed must be used for this reason.

Tapping mode combines the benefits of contact mode and
non-contact mode, and it is more common, especially for
delicate samples scanned in ambient conditions [4]. While the
tip is intermittently contacting the sample surface during scan-
ning, the cantilever experiences both repulsive and attractive
forces; although, the average force is repulsive. This repulsive
force changes the effective stiffness, and therefore, changes
the cantilever’s resonance frequency [4]–[6]. The effective
Q factor will also be altered due to energy losses from the
intermittent contact between tip and sample [7]. Variations of
the cantilever resonance and Q factor lead to changes in the tip
oscillation amplitude Aptq. This amplitude is commonly used
to measure the tip-sample force, and consequently the sample
topography, when imaging with a tapping-mode AFM.

In the conventional tapping mode AFM, the cantilever
is actuated close to its first resonance frequency using a
base shaker [8]. While oscillating, the tip strikes the sample
once per cycle with a set amplitude. To measure the tip
displacement, a light beam is reflected off the back of the
cantilever onto a photodiode. The demodulated output signal
of the photodiode is then used to determine the oscillation
amplitude of the cantilever. As the cantilever scans the surface,
the sample’s topographic features alter the tip-sample force,
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leading to a change in resonance frequency and amplitude
of oscillation. Due to the nonlinear nature of the tip-sample
force [9], a feedback loop is needed to keep the oscillation
amplitude constant. In this feedback loop, the error signal,
which is the difference between the actual (A0) and the desired
(Aset) oscillation amplitudes, is fed into a PI controller. The
control signal drives a Z positioner that adjusts the tip height
so that the oscillation amplitude is kept constant. Since the
position of the tip is changing according to the topography
of the sample, the output of the PI controller represents the
topography of the sample.

One of the problems in AFM is slow imaging. There has
been, and still is, an on going effort to enable high-speed,
and ultimately video-rate AFM imaging, which is necessary
to capture the dynamics of biological processes [10]–[12].
These include increasing the cantilever resonance frequency
[10], reducing the demodulator delay [13], increasing the Z-
axis scanner bandwidth [14], [15], using alternative signals for
topography estimation [16], [17], and reducing the cantilever
Q factor. In many imaging applications, high scan speeds are
desirable for better throughput [18] or to capture fast dynamic
processes [19], [20]. In particular, controlling the Q factor
of an AFM microcantilever has been an active research topic
since its introduction in the early 1990s [21]. Increasing the
Q factor of a cantilever will decrease the maximum force
between tip and sample. Decreasing the Q factor, on the other
hand, decreases the transient response of the microcantilever,
which is a requirement in high-speed scans [22].

The basic approach to control the Q factor of a cantilever
is to use the velocity signal in a negative feedback loop.
However, in an AFM, we have access to the displacement
signal, necessitating the estimation of the velocity signal
from the displacement signal. Since the displacement signal
is nearly sinusoidal, introducing a delay of π{2 rad at the
resonance would serve as a simple velocity estimation. This
method is commonly used in commercial AFMs. The issue,
however, is that introduction of a delay into the feedback loop
can cause instabilities due to the spill-over effect at high-
frequency modes [23]–[26].

Some methods have been offered to address this issue. The
observer-based control approach introduced in [27] uses a
state observer and the knowledge of the system dynamics to
estimate the cantilever’s velocity signal from the displacement
measurement. Other methods like resonant control [25] and
piezoelectric shunt control [28], [29] make direct use of the
displacement signal for feedback. A common feature of the
cantilevers reported in the latter references is that they use
actuators and sensors, micromachined on the tip-side of the
device. These active cantilevers remove the need for a base
shaker or an optical sensor. The compact size of these AFM
cantilevers typically results in significant feedthrough from the
actuation to the sensing signal [8]. Although the collocation
of the sensor and the actuator is beneficial from a feedback
control point of view, it tends to exacerbate this feedthrough
problem. In a recent paper, we presented a new type of
microcantilever with a pair of piezoelectric (AlN) sensors. This
new microcantilever design exhibits a low feedthrough from
actuation to sensing electrodes [30].

In this work, we propose a method to deal with the problem
of high feedthrough levels in active microcantilevers with
collocated sensing/actuation. This method uses our previously
designed microcantilevers in [30] and provides direct access to
both displacement and velocity signals at a low feedthrough
level. It enables us to control the Q factor of the cantilever
effectively. In section II, we briefly review the concept of the
Q control as applied to AFM microcantilevers. In section III,
the microfabrication steps are explained. Section IV describes
the experimental implementation of the method and reports
the results. Finally, section V concludes the paper.

II. BACKGROUND AND THEORY

While scanning a surface in tapping mode, if there is
a step in the topography that is faster than the rate of
amplitude increment afforded by the feedback controller, the
microcantilever will not be able to follow the topography.
This is known as the “Parachuting” effect and is graphically
depicted in Fig. 1 [4]. The cantilever loses contact with the
surface, and since the amplitude of oscillation is set smaller
than oscillation amplitude in the air (Extended Factor “

pAset{Aairq ă 1), the oscillation amplitude increases to Aair.
The controller adjusts the tip-surface distance to bring the
oscillation amplitude back to the setpoint, Aset. During the
transient response time, the amplitude changes as [31]:

Aptq “ Aset ` pA0 ´ Asetqp1 ´ e´
ωn
2Q t

q. (1)

A0 is the actual oscillation amplitude, ωn is the resonance
frequency, Q is the quality factor of the cantilever, and t is
the time from when the parachuting starts. While the tip is in
intermittent contact with the surface, the average tip-sample
force is governed by [32]:

FTS 9
k

Q

b

A2
0 ´ A2

set, (2)

where k is stiffness of the cantilever.
Eq (1) implies that the smaller the Q factor, the faster the

transient response of the cantilever and the shorter the probe
loss. On the other hand, based on Eq (2), imaging with a low
Q factor increases tip-sample force. A high tip-sample force
can mechanically deform a soft sample resulting in a distorted
image [33], [34]. Thus, one has to strike a compromise
between the requirement to reduce the parachuting time and
the desire to maintain a low tip-sample force.

One way to decrease the tip-sample force while lowering
the Q factor is to maintain A0 close to Aset as observed from
Eq (2). However, doing this also reduces the amplitude of the
error signal sent back to the Z-axis controller, which, upon
encountering a sharp drop in the topography of the sample,
increases the likelihood of losing contact between the tip and
surface [35], [36]. Therefore, to have a high-quality image,
there is a limitation on reducing the Q factor while also
maintaining the tip-sample force in a reasonable amount to
avoid sample deformation or tip corrosion. This limitation for
our experiments is further discussed in the imaging results
section.
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Fig. 1. Parachuting effect in AFM. After the oscillation amplitude
increases because of the downward step in the sample topography,
the Error signal (Error “ Aset ´ A0) becomes negative. The
PID controller compensates this negative error by bringing the tip and
sample closer and decreasing the A0 to ASet.

Active Q control is straightforward if the velocity signal
is available. The dynamics of the nth resonance mode of a
cantilever operating in the tapping mode can be described by
the following differential equation:

m :dptq `
mωn

Q
9dptq ` kdptq “ Facospω0tq ` FTSptq. (3)

m is the effective mass of the cantilever, and d is the tip
displacement from its neutral position in the z direction. Two
external forces are Facospω0tq, which is the driving force, and
FTS , which is the tip-sample force.

If the cantilever’s velocity signal is amplified (G), fed back,
and combined with the driving force, Eq (3) can be rewritten
as:

m :dptq `
mωn

Q
9dptq ` kdptq “ Facospω0tq ` FTSptq ´ G 9dptq,

(4)
which can be further simplified as:

m :dptq `
mωn

Q‹
9dptq ` kdptq “ Facospω0tq ` FTSptq, (5)

where

Q‹ “
1

1
Q ` G

mωn

(6)

Eq (6) suggests that by changing the feedback gain, G, the
effective Q factor of the cantilever can be changed arbitrarily.
Thus, the problem of the Q control boils down to feeding back
the velocity signal and subtracting it from the actuation signal.

The actuation/sensing design used in this paper enables two
sensing output signals with low feedthrough levels. These two
signals have 180˝ phase difference [30]. Our designed readout
circuit achieves the above-mentioned purposes. It controls
the Q factor by feeding back one of the sensing signals as
the velocity signal, multiplying it with a feedback gain, and
combining it with the input signal. The circuit amplifies the
second signal to measure the displacement signal. The circuit
design will be further explained in section IV-A, and the

experimental results are presented in section IV-B.

III. FABRICATION PROCESS

Several methods have been proposed for on-chip actuation
and sensing of AFM microcantilevers, see [37], [38], and
[39]. Since we require two output signals, we can use active
cantilevers with more than one sensing outputs, e.g. differential
sensing designs. Among such sensing designs, [30] has the
lowest feedthrough from the actuation electrode to the sensing
electrodes. The connection of the actuation and the sensing
electrodes are as illustrated in Fig. 5.

Each stack is comprised of layers of Molybdenum (Mo),
Aluminium Nitride (AlN), Molybdenum (Mo), Aluminium
Nitride (AlN), and Al (Aluminium) as the bottom electrode,
the bottom piezoelectric material, the middle electrode, the
top piezoelectric material, and the top electrode, respectively.
The initial wafer for the microfabrication process is an SOI
100 silicon wafer with a 400µm handle layer, a 1µm buried
oxide, and a highly doped 5µm device layer. The detailed
process flow is sketched in Fig. 2.

The process starts with growing 500nm thermal oxide
(Fig. 2(a)) on the device layer. This layer isolates the device
layer from signal tracks and the bottom electrode. After this
step, 4 layers of Mo(200nm), AlN(1µm), Mo(200nm), and
AlN(1µm) are deposited consecutively, (Fig. 2(b)). These four
layers are patterned from the top AlN layer to the bottom Mo
layer, respectively (Fig. 2(c) to 2(f)). Patterning of each layer
starts with depositing 200nm Silicon Oxide with the Plasma
Enhanced Chemical Vapor Deposition (PECVD) process as
a sacrificial hardmask. Following a lithography process with
the SPR220-3 photoresist, the oxide layer is etched with a
Reactive Ion Etching (RIE) recipe consisting of CHF3/Ar
plasma.

The top AlN layer is etched by a Chlorine-based plasma
(Fig. 2(c)), followed by a 10 to 20 seconds wet etch of AlN by
tetramethylammonium hydroxide (TMAH). TMAH wet etch
does not etch through Mo. Thus, it is ideal for removing the
residues of the AlN layer left on the Mo layer (the middle
electrode). Prior to starting the patterning of the next layer,
the photoresist is stripped by acetone, and the hardmask is
removed by wet etch BOE.

After the oxide deposition and the lithography, and once the
oxide hardmask is etched, Mo (the middle layer) is etched with
the same Chlorine-based plasma that was used for the AlN etch
(Fig. 2(d)). This step is followed by cleaning the photoresist
with acetone and then removing the hardmask with wet
etch BOE. For the next AlN/Mo (bottom piezoelectric/bottom
electrode) layers, the same deposition, patterning, etching, and
removing steps are performed (Fig. 2(e), 2(f)).

Following the above steps of patterning all the layers, and
before the deposition of the top electrode, we deposit a 500nm
layer of Silicon Oxide. This oxide layer provides a spacer to
avoid a short between the top electrode and the other metal
layers (the middle and the bottom electrodes). The remainder
of this layer is etched from the top of the transducers and
vias. Through small openings carved into the oxide layer,
electrical connections from the top electrode to the middle
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Fig. 2. Microfabrication process steps of a cantilever with a two-layer stack transducer (cross-sectional view). (a) Thermal oxide growth, (b)
Deposition of Mo/AlN/Mo/AlN layers, (c) Shaping the top piezoelectric transducer, (d) Shaping the middle electrode, (e) Shaping the bottom
piezoelectric transducer, (f) Shaping the bottom electrode, (g) Second oxide isolation deposition and etching, (h) Top electrode lift-off process,
(i) Shaping microcantilever’s body (Device Layer), and (j) Releasing the microcantilevers and depositing the Pt tip with FIB tool.

Fig. 3. The SEM image of the microfabricated cantilever.

and the bottom electrodes are provided (Fig. 2(g)). Then the
photoresist is stripped, and the wafer is cleaned and prepared
for the top layer (Al) deposition.

In order to avoid a reaction between the top AlN layer
and the photoresist developer during the lift-off process (see
Fig. 2(g)), we need to protect the AlN layer with a 100nm
sacrificial layer of PECVD oxide prior to the lithography.
Once a layer of photoresist is patterned for the lift-off of the
top electrode (Al), this sacrificial oxide layer is wet etched
with BOE 20:1 and then 1µm Al is deposited by an e-gun
evaporator machine. To lift the Al layer off, the wafer is kept
in acetone overnight (Fig. 2(h)).

The cantilever body is then defined by a designed mask
and through Deep Reactive Ion Etching (DRIE) (Fig. 2(i))
of the 5µm device layer. To mechanically protect the front-
side of the wafer during the backside DRIE process, a 1µm
thick layer of Parylene is deposited on the front-side of the
wafer. For the last 100µm of the backside DRIE process,
the wafer is diced into smaller parts. The etching of each
slice is continued on a carrier wafer. At this step, the 1µm
buried oxide layer is etched with CHF3/Ar plasma, and the
cantilever is released. As the final step, and after cleaning

cantilevers with oxygen plasma, a nanoscale sharp Platinum
tip is deposited using an FEI Nova 200 Focused Ion Beam
(FIB) tool (Fig. 2(j)). We first deposit the base for the tip using
Ion beam platinum depositor. We narrow down the deposition
area for every 200nm of deposition so that the base looks like
a pyramid structure. This trick narrows the tip base down and
helps to reduce the unwanted forces between the tip base atoms
and the sample atoms, while imaging. The very end of the tip
sits on top of this base structure (see Fig. 3). To secure a very
sharp tip, this part is deposited with the minimum deposition
area for 20 s. The overall length of the tip, including the base,
is 6µm and the radius of the very end of the tip is about
50nm. Fig. 3 shows the SEM image with more details of the
final device.

IV. EXPERIMENTAL RESULTS

As discussed in Section II, one approach to control the
Q factor of cantilevers is based on the velocity feedback,
whereby the velocity signal is measured, multiplied in gain,
and subtracted from the actuation voltage. In this section,
we first describe the readout circuit. Then we investigate the
cantilever’s frequency response for different velocity feedback
gains. In the end, we provide the imaging results for two Q
factors of the same cantilever.

A. Readout Circuit

In order to measure the displacement signal, the top elec-
trode voltage signal passes through a charge amplifier, which
is shown in Fig. 5 as CA. The output of the charge amplifier
is:

Vout “ ´
jωRf2

1 ` jωRf2Cf2

QT . (7)
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Fig. 4. The complete AFM imaging setup including: (a) the Lock-In Amplifier, (b) The active microcantilever with a double-stack sensing/actuation
design, (c) The cantilever mounted on the readout PCB (the board is loaded on a custom designed cantilever holder), and (d) TT-2 AFM setup.

Fig. 5. Schematic of the device including its readout circuit that
measures the displacement signal with a Charge Amplifier (CA stage)
and produces the velocity signal with a Trans-Impedance Amplifier (TIA
stage). The velocity signal is then multiplied with a gain (Gain Amplifier),
that is then subtracted from the input signal.

Cf2 “ 0.2pF and QT is the generated charge by the top
piezoelectric layer. For a large Rf2 (here, 500MΩ), Vout «

´p1{Cf2qQT . The circuit functions as a high-pass filter with
a corner frequency of fc “ 1{p2πRf2Cf2q. The large Rf2

results in a relatively low corner frequency, which is desirable
in order to avoid signal attenuation at resonance.

The current signal produced by the bottom electrode charge
(QB), which is:

if “ jωQB , (8)

is passed through a trans-impedance amplifier followed by a
variable gain amplifier to produce the feedback voltage (Vf ):

Vf “ jωGRf1QB . (9)

Rf1 “ 500kΩ and G is the gain of the variable gain amplifier,
which controls the cantilever’s Q factor (see Eq 6).

Since QT “ ´QB [30], from (7) and (9), it can be observed
that:

Vf “ jωGRf1Cf2Vout, (10)

and in time domain:

Vf “ GRf1Cf2
9Vout. (11)

Eq (11) shows that Vf is proportional to the derivative of
Vout (Vf 9 dVout{dt). Since Vout represents the displacement
signal, Vf signal corresponds to the velocity of the cantilever
oscillation (ν “ 9x). Contrary to time delay active Q controller
[22], current method works for all types of signals and not
just sinusoidal inputs.

The actuation signal is obtained by subtracting Vf from Vin,
i.e.

VAct “ p1 `
R2

R1
qVin ´

R2

R1
Vf , (12)

where R1 “ R2 “ 1kΩ.
Eq (11) shows that the velocity signal has a positive gain,

and thus, in (6), the gain (G) is positive. Therefore, this method
only can decrease the Q factor. A non-inverting gain amplifier
can increase the Q factor.

To properly characterize the circuit, we need to measure the
actuation gain of the cantilever and the deflection sensitivity
of the circuit. First, the gain of the gain amplifier is set
to ´40 dB, which results in negligible velocity feedback,
thus a nearly open-loop system. Therefore there is no Q
control. Then, the cantilever’s tip displacement is measured
by a Polytech MSA-100 Laser Doppler Vibrometer (LDV).
Applying a 200mvpp voltage to the actuation electrode
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Fig. 6. Frequency Response of the Cantilever with different gains for
velocity signal. Gain varies from 0.1 (red) to almost 63 (Black)

results in a displacement of 129.5nmpp and a circuit output
signal of 92.75mvpp. These measurements show that the
deflection sensitivity of the sensing mechanism for the first
mode of oscillation is 0.7162mv{nm and the actuation gain
of the device is 0.6475nm{mV . These data show a good
agreement with the reported results by Mahdavi et al. in [26].
In that design, since the actuation and the sensing electrodes
cover the entire cantilever surface, the deflection sensitivity
and the actuation gain are almost twice the numbers in this
report. The very small difference arises from the imperfect
microfabricated device and also the imperfect electronic
components of the PCB.

B. Frequency response

The cantilever is mounted on and wire-bonded to the readout
circuit to apply the actuation signal and read out the sensing
signals. Oscillator output from a Lock-In Amplifier (LIA)
(HF2LI Zurich Instruments) is fed as a sine actuation voltage
to the circuit (Vin), and the circuit output voltage (Vout) is
delivered to the input port of the LIA. The input voltage
(Vin) excites the cantilever at its first resonance frequency of
202.1kHz. Fig. 4 illustrates the connections to the cantilever
and the LIA.

The Gain Amplifier used in the circuit is VCA810, which,
by changing the DC voltage applied to its gain control pin (see
Fig. 5), the gain of the amplifier varies from ´40 dB to almost
`40 dB. This gain change controls the velocity feedback gain,
and thus, the Q factor of the cantilever. The result of the Q
control can be observed in Fig. 6, where the Q factor changes
from 392 (with G “ 0.1) to 30 (with G « 63.1).

Since the sensing and the actuation electrodes are located
in different transduction stacks (see Fig. 5), in theory, the
feedthrough level should be zero. However, in practice, the
adjacency of the two stacks and the low distance between
sensing and actuation tracks introduce some feedthrough to
the system. This effect can be observed in Fig. 6, and is
visible at frequencies below 197 kHz.

C. Imaging Results

We performed tapping mode AFM imaging at the 1st

mode of the cantilever to capture the topographic profile of
NT-MDT TGZ 110 calibration grating with sample heights
of 110 ˘ 2nm. The grating features repeating rectangular

Fig. 7. (a) 2D topography with High Q. (b) 2D topography with Low Q.
(c) 3D topography with High Q. (d) 3D topography with Low Q.

steps with a period of 3.00 ˘ 0.05µm. Prior to imaging,
the piezoelectric actuator is excited to reach the displacement
amplitude of „ 259nm, validated earlier by the Laser Doppler
Vibrometer (LDV). Using the automated approach feature of
the commercial AFM, the cantilever is brought into intermit-
tent contact with the surface. It is then raster scanned over
the calibration grating with the scan area set to 15 ˆ 15µm2.
The obtained 2D and 3D images of the calibration grating
are post-processed by Gywddion software’s standard built-in
tools, such as mean plane subtraction, row alignment, and
polynomial background removal.

As illustrated in Fig. 4(b) and 4(c), the microcantilever is
wire-bonded to a readout circuit and mounted on a custom-
designed cantilever holder that is then integrated into an
AFMWorkshop TT-AFM. The input channel 1 of the LIA is
used for sensing, the output channel 1 is used for actuation, and
the output channel 2 produces the DC voltage, which controls
the gain of the velocity feedback signal. The complete setup
and the LIA connections are shown in Fig. 4(a) and 4(d).

As the scan rate increases, the slow transient response
of the cantilever becomes an issue, necessitating active Q-
control to enable high-speed tapping mode imaging. Scans
were performed at the rate of 2 rows{s. With each row being
15µm long, this means a scan speed of 30µm{s. For a very
low feedback gain (almost without Q control), the cantilever
features a high Q factor of 390. Since

BW3dB “
fres
Q

, (13)

a bandwidth of 518Hz is feasible. Such a narrow bandwidth
slows down the transient response of the closed-loop imaging
system, leading to parachuting effect and making it difficult
to capture step-like features on the topography shown in Fig.
7(a) and 7(c). Decreasing the Q factor to below 80, resulted
in high tip-sample force and therefore image artifacts. Thus,
Q factor of „ 90 is chosen for low Q factor imaging, which
results in a bandwidth of BW3dB « 2253Hz and improved
imaging conditions, as seen in Fig. 7(b) and 7(d).

It is important to note that similar results could not be
obtained without Q control through increasing the gain of the
controller. The PI tracking controller was tuned, without Q
control, by increasing its gain. The tuning led to proportional

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on February 15,2022 at 18:52:17 UTC from IEEE Xplore.  Restrictions apply. 



1530-437X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2022.3141431, IEEE Sensors
Journal

MAHMOODI et al.: Q CONTROL OF AN AFM MICROCANTILEVER WITH DOUBLE-STACK ALN SENSORS AND ACTUATORS 7

Fig. 8. (a) Cross-section of 3D topography of the sample, scanned with
high Q (blue) and low Q (red) factors, (b) Zoomed in view of the step
profile

and integral gains of 2 and 4000, respectively. These parame-
ters result in the highest possible closed loop bandwidth, and
thus the highest scan speed results with no Q control. However,
this high bandwidth is achieved at the cost of very low stability
margins, due to the high gain of the controller and the high
the Q factor of the system. In the interest of making a fair
comparison, we applied identical control parameters to the Q
controlled cantilever. Lowering the Q factor of the cantilever
reduces the gain at resonance, resulting in higher stability
margins, with the same controller, in addition to improving
the probe loss. Higher stability margins allow us to operate
the tracking controller gains, if needed.

To better appreciate the improvement achieved by transi-
tioning from low to high Q factor, the cross-sections of the
two topographies are compared in Fig. 8.

V. CONCLUSION

The relatively high Q factor of the AFM cantilever limits
the achievable scan speed in tapping-mode AFM. Being
able to actively control the Q factor by taking advantage of
on-chip sensors and actuators is a significant stepping stone
to achieving high-speed on-chip AFM. In this work, we
demonstrated how the velocity feedback control technique
could be applied to a custom-designed active microcantilever
with a simple electronic circuit. The design minimizes
actuator-to-sensor feedthrough by separating actuation and
sensing electrodes. Integration of the cantilever with the
readout circuit on the same PCB enables us to capture
velocity and displacement signals separately, and control the
Q factor of the cantilever with the velocity signal feedback
technique. We demonstrated that the Q factor of the cantilever
could be changed and showed its effect on the accuracy of
topographic features acquired in tapping mode AFM.
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