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High-speed tapping-mode atomic force microscopy using a Q-controlled
regular cantilever acting as the actuator: Proof-of-principle experiments
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We present the proof-of-principle experiments of a high-speed actuation method to be used in tapping-
mode atomic force microscopes (AFM). In this method, we do not employ a piezotube actuator to
move the tip or the sample as in conventional AFM systems, but, we utilize a Q-controlled eigenmode
of a cantilever to perform the fast actuation. We show that the actuation speed can be increased even
with a regular cantilever. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903469]

. INTRODUCTION

The atomic force microscope (AFM) has enabled high-
resolution imaging, manipulation, and characterization of
nanoscale structures, devices, and systems. However, the
imaging speed of dynamic AFM systems is not satisfactory
for some applications. In a dynamic AFM system, mechani-
cal and electronic components, i.e., the actuator, the cantilever
probe, the X-Y scanner, and the feedback controller, all affect
the scan speed. In recent studies, sensor and actuator sizes
have been minimized,'~® special probes with integrated actua-
tors were designed,”™!3 and fast scanners were developed.'+'3
In fact, the bandwidth of the actuator and the transient re-
sponse of the probe are the main factors that limit the scan
speed.

We know that the probe and actuator sizes must be min-
imized to have fast sensing and actuation. We also know that
the smallest component in an AFM system is the cantilever
probe. Therefore if we can manage to use this smallest com-
ponent for both sensing and actuation, then we could achieve
higher scan rates. Recently, an actuation method was devel-
oped for this purpose.' This actuation method can be effec-
tively utilized in both the amplitude modulation (AM) AFM,
also called tapping-mode, and the frequency modulation (FM)
AFM, also called noncontact-mode. It was shown theoreti-
cally that the imaging speed can be increased by about 2 or-
ders of magnitude compared to conventional dynamic AFM
imaging.'

In this paper, we present the proof-of-principle experi-
ments of this method in tapping-mode. The operating princi-
ple of the method is, briefly, to adjust the oscillation amplitude
of the fundamental eigenmode to keep the higher eigenmode
oscillation amplitude at a constant level. In other words, in-
stead of using a Z-piezo for actuation as in conventional AFM
systems, the fundamental eigenmode oscillation amplitude is
adjusted to perform the actuation. It is known that the Z-piezo
in the commercial AFM systems is the main factor limiting
the system bandwidth and hence the scan speed due to its
low resonant frequency. On the other hand, a typical tapping-
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mode cantilever has a resonant frequency on the order of a few
hundred kHz. Consequently, a faster transient response is ex-
pected to the topographical variations if a cantilever is used as
an actuator. However, a typical tapping-mode cantilever also
has a high Q-factor in air. We solve this problem by applying
the Q-control method?’=? to reduce the artificial Q-factor of
the fundamental eigenmode. Hence the oscillation amplitude
of fundamental eigenmode will reach the steady-state faster.

Il. EXPERIMENTS

The method of high-speed tapping-mode imaging is im-
plemented as shown in Fig. 1. The photodiode signal is the
input of AFM controller which provides both X-Y scan and Z
actuation in the conventional system. The photodiode signal
is connected to two analog band-pass filters which have cen-
ter frequencies at the resonance frequencies of fundamental
(f,) and higher (f,) eigenmodes. The outputs of the filters are
connected to two amplitude detectors. Since the higher eigen-
mode oscillation is used as a sensing signal, we use its am-
plitude in a PI control unit. The PI controller output controls
the variable gain amplifier (VGA) such that the fundamental
eigenmode excitation (f;) is decreased if there is an increase
in the surface topography and increased if there is a decrease
in the surface topography. The Q-control is implemented by a
cascaded variable gain (G) and phase (¢) blocks. The output
of the Q-control circuit, the VGA output, and the high fre-
quency excitation (f;) signal are all added to obtain the signal
applied to the tapping piezo which excites the cantilever.

The experiments were performed on the Veeco’s Dimen-
sion 3100 AFM. The Signal Access Module was used to ob-
tain the photodiode signal and to apply the tapping piezo sig-
nal (see Fig. 2). The additional system electronics were imple-
mented with off-the-shelf components, the gain, phase, and
set-point adjustments were performed with trimmer poten-
tiometers. A peak detector is better choice for the amplitude
detection,?® but, for simplicity we used a simple envelope de-
tector. We used Analog Devices’ AD603 evaluation kit as the
VGA. The cantilever that we used is HA-NC etalon cantilever
from NT-MDT that has fundamental and second eigenmode
resonances of f; = 113 kHz and f, = 725 kHz, respectively. In
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FIG. 1. Experimental setup. The photodiode signal is filtered by two band-pass filters at the resonance frequencies of fundamental and higher eigenmodes. The
Q-control signal is obtained by a variable phase (¢) and gain (G) blocks. The variable gain amplifier (VGA) is controlled by the higher eigenmode amplitude
through PI controller. f; and f, are the signal generator frequencies at the fundamental and higher eigenmode resonances.

the imaging experiments, we used a calibration sample shown
in Fig. 3(a), a silicon grating with 4 yum period and a 25 nm
step height, from Nanoscience Instruments.

lll. RESULTS AND DISCUSSION

The topography images obtained by conventional
tapping-mode system at 1 Hz and 10 Hz scan rates are given
in Figs. 3(b) and 3(c). In this case, the tapping piezo signal is
comprised of only the fundamental eigenmode excitation. The
free oscillation amplitude and set-point are approximately
30 nm and 70%, respectively. The Z actuation is performed
by the piezo tube. The gain of internal AFM controller is set
to highest stable gain. We see that the image gets heavily dis-
torted as the scan rate is increased from 1 Hz to 10 Hz. In
addition, the surface feature is seen to be moved up slightly
and the topography range is changed by about 13%.

) W,
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Tapping piezo and Photodiode signals (V)

Figures 3(d) and 3(e) show the amplitude images at
0.5 Hz and 10 Hz scan rates obtained by the proposed fast
actuation method. The AFM controller only performs the
X-Y scan and the Z-actuation is disabled by setting the in-
ternal controller gain to zero. The inverse of the output volt-
age of the amplitude detector that measures the fundamental
eigenmode oscillation amplitude must be proportional to the
topography. Since the internal feedback controller gain is set
to zero, the amplitude subtracted by the set-point (the error
signal) must also be proportional to the sample topography.
We utilized the latter option since we could not map the exter-
nal fundamental amplitude signal. The free oscillation ampli-
tude of the second eigenmode is about 10 nm, and the oscil-
lation amplitude of fundamental eigenmode can be changed
roughly between 100 nm and 200 nm. In Fig. 2, we see the
tapping piezo signal when the VGA gain is high and so is the
fundamental eigenmode oscillation amplitude, i.e., the tip is

tapping piezo
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FIG. 2. The tapping piezo and the photodiode signals as a function of time.
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FIG. 3. (a) The SEM micrograph of the sample silicon grating with 25 nm
step height. The topography images obtained by conventional tapping-mode
at (b) 1 Hz and (c) 10 Hz scan rates. The topography images obtained by fast
actuation method at (d) 0.5 Hz and (e) 10 Hz scan rates.

approached to the sample. We can also clearly observe the
second eigenmode oscillation superimposed on the funda-
mental eigenmode oscillation in the photodiode signal. Note
that the second eigenmode oscillation amplitude looks com-
parable to the fundamental one since it has a higher sensitiv-
ity. The method of laser beam deflection microscopy or finite
element simulations can be helpful to visualize the cantilever
eigenmode shapes in multifrequency excitation.”’ In this way,
the desired higher flexual eigenmode vibration can be chosen
as sensing signal for any type of cantilever. We observe that
the image gets distorted at the upper right portion when the
scan rate is increased from 0.5 Hz to 10 Hz and the amplitude
range is changed by approximately 5%.

A major drawback in our imaging experiment was the tip-
sample engagement process. Since we implemented the addi-
tional electronics on a commercial AFM setup, during the en-
gagement process instead of higher eigenmode oscillation, we
had to use the fundamental eigenmode oscillation amplitude
in the feedback of the internal AFM controller (disabled after
engagement). The external PI controller that uses the higher
eigenmode oscillation amplitude was also active during the
engagement and all the adjustments were done by trimmer
potentiometers. Therefore, we could not optimally tune the
actuation range, Q-control, PI controller, and the set-point pa-
rameters in the imaging experiment. Despite all these factors,
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FIG. 4. The effect of tuning in Q-control. (a) Modulated second eigenmode
oscillation amplitude at 100 Hz. (b) Fundamental eigenmode oscillation am-
plitude with untuned Q-control. (c) The VGA output and (d) the fundamental
eigenmode oscillation amplitude with tuned Q-control.

we have shown that with the proposed actuation method one
can obtain the topography image of a standard sample. In fact,
the conventional tapping-mode image gets heavily distorted
even at 5 Hz (data not shown) and the distortion gets even
more pronounced at 10 Hz. However, we obtained a relatively
better topography image of the same sample at the same rate
by the fast actuation method. A possible cause of the distor-
tion at the upper right portion of the image could be the tilt
on the sample surface since we could not optimally adjust the
actuation range during the engagement process. Actually, set-
ting the internal feedback controller gain to zero may not be
ideal as we had to do in the experiment, but instead letting the
Z-actuator of the AFM system balance the low-frequency to-
pographic variations and the tilt on the sample surface might
be a better approach.

The AFM setup that we used is inherently not suited to
high-speed imaging due to its limited detection bandwidth
and low scan rate of the X-Y scanner. Therefore to see how
fast we can actuate the cantilever with the proposed method,
we created a false error signal to mimic a step-like sample
surface and we looked at the response of the actuator, i.e.,
the fundamental eigenmode oscillation amplitude. We mod-
ulated the second eigenmode oscillation by 50% as shown in
Fig 4(a), where the cantilever is out of contact with the sample
surface. The fundamental eigenmode amplitude in response
to the artificial error signal created by the modulation at 100
Hz is seen in Fig. 4(b) . We see that the response is not per-
fect because of untuned Q-control. After tuning the Q-control
we obtain the VGA output, i.e., the excitation signal and the
fundamental eigenmode oscillation amplitude in response to
the same modulation signal in Figs. 4(c) and 4(d). This result
tells us that the actuation signal is capable of tracking 100 Hz
step-like error signal and the increase in actuation speed is
demonstrated.

We found that the modulation frequency of the artificial
error signal can be increased up to 200 Hz without any signif-
icant deterioration in the fundamental eigenmode (actuator)
response (Fig. 5). Considering that the error signal is a re-
sult of a step-like sample topography then the actuation rate
will determine the maximum scan rate. In fact, we simulated
a cantilever with a fundamental resonance of 300 kHz on a
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FIG. 5. The response of fundamental eigenmode oscillation amplitude (actu-
ation signal) to the modulated second eigenmode oscillation amplitude (sens-
ing signal) at (a) 50 Hz, (b) 100 Hz, (c) 200 Hz, and (d) 300 Hz.

sample surface with 10 nm tall step. We found that the mini-
mum required time to image that feature with a specific accu-
racy is 360 us.'” We also found that the imaging bandwidth
is almost directly proportional to the cantilever resonance fre-
quency. Given that information we expect that the maximum
modulation frequency must be about (1/360 us) x (113 kHz/
300 kHz) ~ 1 kHz. This result confirms that our electronics
did not function optimally during this particular experiment.
Note that we had to select a cantilever such that its second
eigenmode resonance must be within the bandwidth of the
AFM system. By using small cantilevers that have fundamen-
tal resonance frequencies greater than 1 MHz,>° and by in-
tegrating a fast X-Y scanner'>!® into the AFM system, the
proposed actuation method can be much effectively used in
high-speed dynamic AFM imaging.

IV. CONCLUSION

In summary, we performed the proof-of-principle exper-
iments of a high-speed actuation method. This method can be
utilized in any dynamic AFM system that employs ordinary
cantilevers. It was shown theoretically under certain condi-
tions that 24 frames/s imaging speed can be achieved with a
cantilever having a resonance frequency of 600 kHz to acquire
100 x 100 pixels image in the FM-AFM system.'” Hence
we expect a faster imaging speeds by using small cantilevers
with spring constants less than 1 N/m and resonance frequen-
cies greater than 1 MHz as employed in systems with optical
beam deflection detection.»® As the high-speed AFM appli-
cations growing rapidly, the presented technique could help
to advance the current technology. Ultimately, implementing

Rev. Sci. Instrum. 85, 123705 (2014)

the method in systems with small cantilevers and fast X-Y
scanners can enable the dynamic-AFM systems to be used
much effectively in industrial scale nanometrology at high
scan rates.
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