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We have developed a liquid-environment atomic force microscope with a wideband and low-noise
scanning system for atomic-scale imaging of dynamic processes at solid/liquid interfaces. The de-
veloped scanning system consists of a separate-type scanner and a wideband high-voltage amplifier
(HVA). By separating an XY-sample scanner from a Z-tip scanner, we have enabled to use a relatively
large sample without compromising the high resonance frequency. We compared various cantilever-
and sample-holding mechanisms by experiments and finite element analyses for optimizing the bal-
ance between the usability and frequency response characteristics. We specifically designed the
HVA to drive the developed scanners, which enabled to achieve the positioning accuracy of 5.7 and
0.53 pm in the XY and Z axes, respectively. Such an excellent noise performance allowed us to per-
form atomic-resolution imaging of mica and calcite in liquid. Furthermore, we demonstrate in situ
and atomic-resolution imaging of the calcite crystal growth process in water. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4802262]

I. INTRODUCTION

Detailed understanding of interfacial phenomena is of-
ten a critical issue in many of the academic and industrial re-
search areas. To achieve this goal, it is ideal to directly image
interfacial phenomena with atomic- or molecular-scale reso-
lution. For example, direct imaging of dynamic behavior of
proteins should unravel the mechanism of various biological
processes.1, 2 Similarly, direct imaging of dynamic changes in
the surface structure should clarify the detailed crystal growth
mechanism of various minerals.3, 4

Atomic force microscopy (AFM)5 is one of the nanoscale
and non-destructive imaging tools. AFM can be operated in
liquid as well as in air and vacuum. In addition, it can be
used for imaging of insulating materials as well as conduc-
tive ones. Owing to these unique capabilities, AFM has been
used for various applications and considered to be suitable
for direct imaging of interfacial phenomena with nanoscale
resolution.

In situ imaging of dynamic processes requires high-
speed operation of AFM. Thus, efforts have been made for
improving the AFM operation speed.3,6, 7 The enhancement
of AFM operation speed requires improvement of all the
components constituting the tip-sample distance regulation
loop. In particular, a scanner is one of the most impor-
tant components and often determines the maximum imaging
speed.

There are two major requirements for driving a scanner
at a high speed: high resonance frequency and low cross talk
between XY and Z scanners. To satisfy these requirements, a
number of ideas have been proposed. Ando et al. reduced the

a)Electronic mail: fukuma@staff.kanazawa-u.ac.jp

cross talk using a counter balance mechanism and enabled
high-speed Z feedback regulation.6,8 Miles and co-workers
avoided the cross talk problem by eliminating the Z feed-
back mechanism and used a resonant vibration of a quartz
oscillator for high-speed X scan.7 Hansma et al. used a par-
allel flexure stage to enhance the resonance frequency of the
XY scanner.9–11 Subsequently, the design has been further im-
proved by other researchers.12, 13 Tabak et al. developed a
micrometer-sized Z scanner with an integrated tip for obtain-
ing a high resonance frequency.14 They also used an XY sam-
ple scanner that is separated from the Z scanner to achieve
low cross talk. Fukuma et al. proposed the inertia balance
support mechanism of Z actuator to achieve a high resonance
frequency and low cross talk.15 More comprehensive review
is found in the literature.8, 16

Although some of these scanners have already been used
for practical studies, there is large room for further improve-
ments especially in the usability and resolution. For exam-
ple, most of the high-speed scanners require a small sam-
ple size, which has limited the applicability of high-speed
AFMs. In addition, a sample is typically fixed to a scanner
with glue (e.g., expoxy, wax, etc.) to avoid yielding spurious
resonances. Thus, we need to wait for the glue to set when
we start an experiment or exchange samples. This problem is
particularly serious for atomic-scale experiments that require
a tip drift rate typically less than 1 nm/s. To achieve this per-
formance, we often need to leave the fixed sample for more
than several hours.

Another issue is the resolution. Simultaneous achieve-
ment of high speed and high resolution requires low noise and
wideband scanning system including a high voltage amplifier
(HVA) and a scanner. So far, high-speed AFM has mostly
been used for nanoscale applications. To apply high-speed
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AFM to atomic-scale applications, noise of a HVA should be
reduced without deteriorating the bandwidth.

In this study, we have developed a high-speed scan-
ning system with atomic-scale resolution and sufficient us-
ability. To avoid the cross talk, we used separate XY sam-
ple and Z tip scanners. To achieve both high speed and
sufficient usability, we have optimized the holding mecha-
nisms for the sample and tip by comparing the results of ex-
periments and simulations. We have also developed a low
noise and wideband HVA that is specifically designed to
drive the developed scanner. We demonstrate the improved
speed and resolution by imaging mica in liquid with atomic
resolution. In addition, we present in situ imaging of the
growth process of a calcite crystal in water with atomic-scale
resolution.

II. EXPERIMENTAL DETAILS

Theoretical analyses of the frequency response and vi-
bration modes of the scanners were performed by finite
element analysis (FEA) software (COMSOL Multiphysics,
COMSOL). The COMSOL models used in this study are
included in the supplementary material.17 For modeling the
scanner bodies made of SS304 or SS430, we used Young’s
modulus of 197 and 200 GPa, Poisson’s ratio of 0.3, and den-
sity of 7930 and 7750 kg/m3. For modeling the stack piezoac-
tuators, we used density of 7500 kg/m3. In addition, we exper-
imentally determined their coupling and elasticity matrices by
measuring the displacement and resonance frequency of the
driven actuators with and without fixation to a large body.

We measured the frequency response of the devel-
oped scanning system by a frequency response analyzer
(FRA5097, NF). For detecting the displacement of the XY
scanner, we measured torsional vibration of a cantilever in
contact with the surface of the sample stage by the AFM can-
tilever deflection sensor. For detecting the displacement of the
Z scanner, we measured the vertical vibration of a cantilever
body attached to the cantilever stage by a heterodyne laser
displacement sensor (ST-3761, IWATSU). The output voltage
spectral density distribution of the HVA was measured by a
fast Fourier transform (FFT) analyzer implemented in the can-
tilever oscillation controller (OC4, SPECS). The output from
the HVA is fed into the FFT analyzer through a 1 kHz high-
pass filter to remove the dc voltage component.

The AFM imaging was performed by a home-built AFM
with a low-noise cantilever deflection sensor.18–20 We imaged
cleaved surface of a mica disc (φ = 6 mm, Furuuchi Chemi-
cal) by a cantilever with a spring constant of ∼42 N/m (NCH,
Nanoworld) in phosphate buffered saline (PBS) solution. For
this experiment, we used a commercially available AFM con-
troller (ARC2, Asylum Research) with a home-built analog
feedback circuit. We also imaged cleaved surface of a calcite
crystal (5 × 5 mm2, Furuuchi Chemical) by a cantilever with
a spring constant of ∼5 N/m (UHF-1250, AppNano) in pure
water. (Note that this cantilever has been discontinued and
replaced by ACCESS-UHF.) For this experiment, we used a
fully digital home-built AFM controller. In both the exper-
iments, we regulated the tip-sample distance such that the

Sample stage

XX actuators

YY actuators

Cantilever stage

Z actuator

(a) XY sample scanner (b) Z tip scanner
SS304

or
SS430 SS304

FIG. 1. Schematic models of the developed (a) XY and (b) Z scanners.

averaged cantilever deflection equals zero to minimize the
loading force.

III. SEPARATE-TYPE HIGH-SPEED SCANNER

A. Basic design

Figure 1 shows schematic model of the developed XY
sample and Z tip scanners. The separate-type design ensures
independence of the two scanners. It also allows us to de-
sign simple scanners with a high resonance frequency. For the
XY scanner [Fig. 1(a)], we used a flexure stage with four-fold
symmetry, which is similar to the design reported by Hansma
et al.9–13 The main body is made of stainless steel (SS304 or
SS430). The sample stage at the center is connected to the
four sides by three beams for each. A pair of stack piezoac-
tuator (AE0203D04F, NEC Tokin) was used for driving each
axis. For example, to drive the stage in X direction, the X and
X̄ actuators are extended and contracted, respectively. The
use of two actuators improves the symmetry and linearity and
thereby gives high stability and accuracy. In this design, there
is no electric component below the sample stage, which helps
us to avoid electric leakage through the spilled electrolyte
solution.

The Z scanner [Fig. 1(b)] consists of a multilayer
piezoactuator (PL033, PI Ceramics) and a metal piece (can-
tilever stage) glued on it. The cantilever base is fixed on the
cantilever stage with glue or other holding mechanisms as dis-
cussed in Sec. III C. Due to the simple structure and small
size, it has high stability and resonance frequency. In addi-
tion, there are almost no low frequency spurious resonances.
Although the electrodes of the actuator are not in contact with
solution during AFM imaging, we sealed them with insoluble
epoxy glue to prevent possible electric leakage.

B. Sample holding mechanism

1. Basic design

The sample holding mechanism is one of the key com-
ponents that determines the usability and operation speed of
a scanner. We have compared three types of sample holding
mechanisms to optimize the design as shown in Fig. 2. We
designed all the mechanisms to have a maximum sample size
of ∼6 mm. The first method is to glue a sample directly on the
sample stage [Fig. 2(a)]. In this method, the sample is firmly
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FIG. 2. Sample holding mechanisms using (a) glue, (b) magnet, and
(c) screw. (i) Schematic models. (ii) Frequency response calculated by FEA.
(iii) Frequency response measured by AFM.

fixed on the stage (6 × 6 mm2) so that low frequency spuri-
ous resonances are not generated. However, replacement and
reuse of a sample are very difficult. The second method is to
fix a sample by magnetic force [Fig. 2(b)]. In this method, a
sample is glued to a thin neodymium plate (φ = 6 mm). We
made the scanner body of magnetic stainless steel (SS430) so
that the plate is magnetically fixed to the sample stage. The
third method is to fix a sample with a screw [Fig. 2(c)]. In the
method, a sample is glued to a sample holder (φ = 6 mm)
having a male thread. Then, the sample holder is screwed to
the sample stage with a female thread.

2. Frequency response

Figure 2(ii) shows the frequency response of the XY scan-
ners with different sample holding mechanisms calculated by
FEA. All the curves show two peaks around 30 and 46 kHz,
which correspond to Modes 1 and 2 shown in Fig. 3, respec-
tively. In Mode 1, the scanner body is deformed in the same
direction as the sample stage. On the contrary, in Mode 2, they
are deformed in the directions opposite to each other.

The results suggest that the resonance frequency may be
improved by increasing the thickness of the scanner body
(3.5 mm in the present design). However, the increase of the
thickness can limit the design flexibility of the whole AFM
system. To gain an insight into this point, we calculated the
lowest resonance frequency of the other XY scanners with
a thickness of 7.5 mm. If we increase the thickness of the
whole part of the scanner including the flexure hinges and

(a) Mode 1

(b) Mode 2

Large

Small

Large

Small

FIG. 3. Vibration modes of the XY scanner calculated by FEA. (a) Mode 1
and (b) Mode 2 corresponding to Peaks 1 and 2 in Fig. 2(ii), respectively.

stage, the resonance frequency decreases to 26.5 kHz due
to the increase of the mass. If we increase the thickness of
the surrounding part only, the resonance frequency increases
to 31.8 kHz. Even if we increase the thickness more than
twice, the increase of the resonance frequency is only 5%.
Therefore, we have used the minimum thickness value (i.e.,
3.5 mm) that is compatible with the used piezoactuators to
obtain the maximum flexibility of the AFM design. As the
resonance frequency of 30 kHz is acceptable for most of the
high-speed AFM applications, we believe that the present de-
sign achieves a good balance between the usability and the
performance.

Figure 2(iii) shows frequency response of the XY scan-
ners measured by experiments. These curves show several
peaks. Among them, two peaks around 40 and 55 kHz are
commonly observed in all the curves. Thus, we have at-
tributed these peaks to the vibrations at Modes 1 and 2 shown
in Fig. 3, respectively.

The curves also show minor peaks corresponding to the
vibrations of spurious resonances. Among them, the low fre-
quency peaks around 3 kHz should determine the maximum
drive frequency of the scanner. These peaks are commonly
observed in all the curves and show similar profiles. Thus, the
spurious resonances associated with these peaks are not likely
to be in the holding mechanism but in the scanner body or the
cantilever holder.

In spite of the influence of the spurious resonances, the
amplitude and phase curves show almost flat response below
1 kHz. The result suggests that we can use all of the three
holding mechanisms for scanning the stage up to 1 kHz. This
X scanning frequency is sufficiently fast for most of the high-
speed AFM applications.
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In the magnetic holding mechanism, a sample can be eas-
ily fixed to the sample stage with an arbitrary rotation angle
in XY plane. Its drawback is possible influence on the mea-
surements of magnetic properties. It may also prevent other
techniques using magnetic field. For example, in the magnetic
cantilever excitation method,21 an ac magnetic field is applied
to a cantilever, which may induce a vibration of the magnetic
plate on the sample stage. In the screw holding mechanism,
we can firmly fix a sample but its rotation angle cannot be
controlled. In this case, we can use a non-magnetic material
for the sample holder so that the method is compatible with
other magnetic techniques.

In summary, both these two holding mechanisms are ap-
plicable to high-speed imaging. However, they have different
advantages and disadvantages and hence are complimentary
to each other. Therefore, we should choose one of them by
taking into account the requirements in an application.

C. Cantilever holding mechanism

1. Basic design

We have compared three different cantilever holding
mechanisms for the Z tip scanner as shown in Fig. 4. In the
glue holding mechanism [Fig. 4(a)], a cantilever is directly
glued to the cantilever stage. Thus, the cantilever is tightly
fixed to the holder and few spurious resonances are generated.
However, this design makes it difficult to reuse the cantilever.
In addition, exchanging cantilevers takes relatively long time
as we need to wait for the glue to set.
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FIG. 4. Cantilever holding mechanisms using (a) glue, (b) plate spring, and
(c) screw. (i) Schematic models. (ii) Frequency response calculated by FEA.
(iii) Frequency response measured by an interferometer.

In the spring holding mechanism [Fig. 4(b)], a thin metal
plate is fixed on the cantilever stage by spot welder. A can-
tilever is pushed down on the cantilever stage by the plate
spring. In the screw holding mechanism [Fig. 4(c)], we use
a cantilever stage with a female thread. A cantilever is sand-
wiched between the stage and a metal plate fixed with a screw.

2. Frequency response

Figure 4(ii) shows frequency response of the Z scan-
ners with different cantilever holding mechanisms calcu-
lated by FEA. The curve obtained with the glue holding
mechanism shows two minor peaks (Peaks 1 and 2) around
50–70 kHz and one major peak (Peak 3) at 110 kHz. Accord-
ing to the mode analysis shown in Fig. 5, Peaks 1 and 2 cor-
respond to the swing (Mode 1) and twist (Mode 2) motion of
the piezoactuator. Peak 3 corresponds to the normal vibration
mode (Mode 3) of the free end of the cantilever base.

These three peaks are also found in the frequency
response obtained with the spring holding mechanism
[Fig. 4(b)]. However, the one obtained with the screw hold-
ing mechanism [Fig. 4(c)] shows a different profile with ad-
ditional peaks. Based on the mode analysis, we have identi-
fied Peaks 1–4 to Modes 1–4 shown in Fig. 5, respectively.
Note that Peak 2 is so small that it is hardly seen in Fig. 4.
Peak 4 corresponds to the normal vibration mode of the pro-
truded part of the cantilever stage. As this part does not exist
in the glue and spring holding mechanisms, Peak 4 is found
only in Fig. 4(c).

Figure 4(iii) shows experimentally measured frequency
response curves. The amplitude curve obtained with the glue
holding mechanism shows peaks at 50 and 100 kHz. By com-
paring these frequencies with those of the peaks found in the

(a) Mode 1 (b) Mode 2

(c) Mode 3 (d) Mode 4

LargeSmall

FIG. 5. Vibration modes of the Z scanner calculated by FEA. Modes 1–4
correspond to Peaks 1–4 indicated in Fig. 4(ii), respectively.
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FEA curves, we have attributed them to Modes 1 and 3, re-
spectively. A peak corresponding to Mode 2 is not found in
the curve obtained by experiment. The FEA curves show that
the peak corresponding to Mode 2 is very small. Thus, it was
probably too small to be detected by experiment. The am-
plitude and phase curves show almost flat response below
10 kHz. This is sufficiently fast for most of the high-speed
AFM applications. However, due to the use of glue, exchang-
ing and reusing cantilevers are difficult.

The curve obtained with the spring holding mechanism
shows a different profile from the one obtained by FEA. Al-
though the peaks corresponding to Mode 1 (at 50 kHz) and
Mode 3 (at 100 kHz) are visible in the both curves, a large
peak at 30 kHz does not exist in the curve obtained by FEA.
We experimentally confirmed that even a subtle change in the
holding force of the plate spring gives significant difference
in the peak position and shape. Therefore, the peak is prob-
ably caused by the weak holding force of the plate spring.
Although we tested several spring plates with different de-
signs, it was impossible to eliminate this peak. Therefore, we
have concluded that this design is not suitable for the high-
speed AFM imaging.

The curve obtained with the screw holding mechanism
shows a similar profile to the one obtained by FEA. Although
the peak corresponding to Mode 2 is too small to be detected,
other peaks corresponding to Modes 1, 3, and 4 are found
in the both curves. The amplitude and phase curves show al-
most flat response up to 10 kHz. Thus, this design can be
used for the high-speed AFM imaging. In addition, the de-
sign enables easy exchange and reuse of cantilevers. There-
fore, the usability is much better than that of the glue holding
mechanism.

IV. HIGH-VOLTAGE AMPLIFIER

A. Basic design

In this study, we aim at developing a scanning system that
enables high-speed and atomic-resolution imaging. Thus, the
HVA should satisfy the requirements not only in the speed
but also in the noise performance. To achieve this goal, we
have developed wideband and low-noise high-voltage ampli-
fiers specifically designed for driving the developed separate-
type scanners.

Figure 6 shows schematic diagrams of the developed
high-voltage amplifiers. One of the advantages of designing
a dedicated amplifier is that we can assume exact values of
the scanner specifications for the design. The specifications
of the developed scanners and the piezoactuators used in them
are listed in Table I.

In the Z HVA, the input signal (−10 to + 10 V) is at-
tenuated by a factor of two (−5 to + 5 V). The attenuated
signal is added to a +10 V reference by an inverting adder
(−5 to − 15 V). This signal is amplified by an inverting am-
plifier with a gain of −4 to obtain the Z drive signal (+20
to + 60 V).

In the XY scanner, a pair of piezoactuators used for driv-
ing one axis should be symmetrically driven. Thus, each of
the X and Y HVAs should output two symmetrical signals

(a) Driver for Z piezoactuator

CL

VoutVin

Vref

Z Piezoactuator

Ro
× 1 × 1/2 × (-4)

× 1

-10 ~ +10 -5 ~ +5 -5 ~ -15 +20 ~ +60

+10 +10

CL

Vout
Vin

Vref

X Piezoactuator

Ro
× 1 ×(-7.5)

× 1

-10 ~ +10 -10 ~ +10 0 ~ -20 0 ~ +150

+10 +10 CL

Vout

X Piezoactuator

Ro
× (-1) ×(-7.5)

+10 ~ -10 -20 ~ 0 +150 ~ 0

(b) Driver for X piezoactuator

LPF

LPF

FIG. 6. Schematic diagrams of the developed high-voltage amplifiers for the
(a) Z and (b) X scanners.

with an offset of +75 V. In the X HVA, the input signal
(−10 to + 10 V) is added to a +10 V reference by an invert-
ing adder (0 to − 20 V). This signal is amplified by an invert-
ing amplifier with a gain of −7.5 to obtain the X driving signal
(0 to + 150 V). The other drive signal (X̄ signal) is produced
through a similar circuit with an additional inverter. The de-
sign of the HVA for the Y scanner is the same as that for the
X scanner.

To suppress a circuit oscillation caused by the large ca-
pacitance (CL) of a piezoactuator, we used an output resistor
(Ro). While the value of Ro should be high enough to sup-
press the oscillation, it should be kept as small as possible
to achieve a wide bandwidth. We experimentally investigated
the minimum Ro value required for suppressing the oscillation
and found it to be 8.2 �.

Assuming that the bandwidth of the HVA (Bd) is de-
termined by the cutoff frequency of a low-pass filter (LPF)

TABLE I. Specifications of the developed Z and XY scanners and HVAs.

Z XY

Scanner Sensitivity (nm/V) 6.0 32.3
CL (nF) 90 75
Input range (V) −10 to 10 −10 to 10

HVA Output range (V) 20 to 60 0 to 150
Gain 2 7.5

Scanning system Scan range (nm) 240 4845
Bd (kHz) 260 204
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consisting of Ro and CL, Bd is given by Bd = 1/(2πCLRo). Bd

values are calculated by this equation and listed in Table I.
For the both scanners, Bd is higher than 200 kHz. This is suf-
ficiently fast for most of the high-speed AFM applications.

We used power supply voltages of ±24 V instead of
±15 V for the low-voltage operational amplifiers (OPA604,
Texas Instruments). The ±24 V power supply allows addi-
tion of the input (−10 to + 10 V) and +10 V reference sig-
nals without attenuation. This helps to keep the gain of the
high-voltage amplifier as small as possible. The attenuation
circuit in the Z HVA is implemented to avoid driving the
Z actuator near 0 V, where the nonlinearity of the actua-
tor becomes prominent. For driving the high-voltage ampli-
fiers (PA98, Cirrus Logic), we used power supply voltages of
−24 V and +160 V instead of ±160 V. This is for keeping the
heat generation as small as possible and eliminating the need
for a cooling fan. We used a high precision voltage reference
integrated circuit (AD587, Analog Devices) for generating the
+10 V reference. Although the output noise of an AD587 is
relatively small, we found that it is not negligible. Thus, we
used a LPF to reduce the noise to a negligible value.

B. Frequency response

Figure 7 shows frequency response of the devel-
oped HVAs measured with and without a capacitive load
(CL = 100 nF). The response curves obtained with the Y HVA
are similar to those obtained with the X HVA and hence are
omitted from the figure.

The gains of the X and Z HVAs at the low frequency range
are 7.5 and 2, respectively. These values agree with their de-
sign specifications. The amplitude curves show that the −3 dB
bandwidth measured without CL is higher than 800 kHz for
both the HVAs. However, the insertion of a capacitive load
(CL = 100 nF) reduces the bandwidth to 399 kHz and 289 kHz
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FIG. 7. Frequency response of the developed HVAs. (a) Amplitude curve.
(b) Phase curve.

for the X and Z HVAs, respectively. These values are slightly
larger than the cut off frequency of the LPF consisting of CL

and Ro (i.e., Bd = 194 kHz). This is because the gain damp-
ing is partially compensated by the small gain peak of the
amplifier.

In this study, we aim at driving the Z scanner at 10 kHz.
Even with the capacitive load, the amplitude curves show al-
most flat response up to 100 kHz. The phase curves of the
both HVAs show 4◦ phase delay at 10 kHz. This is sufficiently
small for achieving the 10 kHz bandwidth in the tip-sample
distance regulation. If necessary, further improvement may be
achieved by reducing the capacitance of the Z piezoactuator
by sacrificing the scanning range.

C. Noise performance

Figure 8 shows output voltage spectral density distribu-
tion of the developed X and Z HVAs measured with and with-
out a capacitive load. The curves measured without a capaci-
tive load show a peak at 2–3 MHz. However, this peak is sup-
pressed by the insertion of a capacitive load (CL = 100 nF).
We have also confirmed that the peak can be suppressed even
with a smaller capacitive load (∼10 nF). Thus, the gain peak-
ing should not affect the AFM performance in the actual ex-
periments.

The curve measured with a capacitive load shows that the
roll-off frequency of the noise spectrum corresponds to the
expected Bd value (i.e., 194 kHz). This result confirms that
the bandwidth is limited by the LPF consisting of Ro and CL.
At the frequency range less than 200 kHz, the curves show
an almost constant value, namely, 396 and 196 nV/

√
Hz for

the X and Z HVAs, respectively. Assuming that the bandwidth
is 200 kHz, the displacement noises caused by the HVAs are
calculated to be 5.7 pm for the X scanner and 0.53 pm for
the Z scanner. In general, atomic-resolution AFM imaging re-
quires spatial resolution of 100 and 10 pm for XY and Z axes,
respectively. The estimated noises caused by the HVAs are
negligible compared to these criteria. Thus, the HVAs should
be applicable to atomic-resolution imaging.

For comparison, we also measured the performance of
commercially available HVAs: HVA4-0222N (SPECS) and
ENP-4014B (Echo Electronics) (Table II). Here we refer to
these HVAs as HVA1 and HVA2, respectively. The HVA1
features low output noise and has been widely used for
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FIG. 8. Output voltage spectral density distribution of the developed X and
Z HVAs measured with and without a capacitive load.
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TABLE II. Performance of the developed HVA and the commercially avail-
able ones.

Custom-built HVA

HVA1 HVA2 XY Z

Bandwidth (kHz) 4 150 200 200
Noise density (nV/

√
Hz) 515 2685 396 196

atomic-resolution AFM imaging. It showed 515 nV/
√

Hz
noise and 4 kHz bandwidth. Although the noise is sufficiently
small, it cannot be used for high-speed imaging due to the nar-
row bandwidth. The HVA2 features wide bandwidth and has
been used for various applications including scanning probe
microscopy and magnetics research. It showed 2685 nV/

√
Hz

noise and 150 kHz bandwidth. Although the bandwidth is suf-
ficiently wide, it cannot be used for atomic-resolution imaging
due to the large noise.

Our custom-built HVAs achieve a lower noise than that
of HVA1 and a wider bandwidth than that of HVA2. This
is mainly because our HVA is specifically designed for the
developed scanner with fixed gains and output ranges. On
the contrary, the commercially available HVAs should be
designed for a wide range of scanners with flexible gains
and output ranges. Therefore, it is essential to develop ded-
icated HVAs for the atomic-resolution and high-speed AFM
imaging.

V. HIGH-SPEED AFM

A. Feedback bandwidth

Figure 9 shows the frequency response of the tip-sample
distance regulation measured with the developed scanners
and HVAs. The measurement was performed in contact-mode
AFM in liquid. We set the gains of the proportional-integral
(PI) feedback controller such that the bandwidth is maxi-
mized.

If we define the feedback bandwidth (BFB) as a frequency
giving −45◦ phase delay,22 BFB is estimated to be 8 kHz
from the phase curve. The amplitude curve shows a peak at
12 kHz, which approximately agrees with the BFB value esti-
mated from the phase curve. The 8 kHz BFB is sufficient for
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FIG. 9. Frequency response of the tip-sample distance feedback regulation
measured with the developed scanners and HVAs. The measurement was per-
formed in contact-mode AFM in liquid.

imaging interfacial phenomena taking place at a time scale of
a few seconds as shown in Secs. V B and V C.

B. Imaging of mica

Figure 10 shows AFM images of mica obtained in PBS
solution using the developed scanning system. All the images
were obtained with a scan rate of 78 Hz and a pixel resolu-
tion of 128 × 64. Thus, the tip velocity (vt) increases with in-
creasing the scan size. For Figs. 10(a)–10(d), vt = 0.39, 0.59,
1.17, and 1.56 μm/s, respectively. These scan speeds may ap-
pear to be slow compared to the values previously reported
on large-scale and high-speed imaging. However, we should
consider the number of corrugations that has to be visualized
in one atomic-resolution image. For example, in Fig. 10(d),
370 atoms are visualized in one image. This number is much
larger than that for a typical large-scale image. Therefore, we
need to consider the detection frequency of the surface corru-
gations (fcr) rather than vt. For the cleaved mica surface, the
atomic-scale corrugation period is ∼0.52 nm. Thus, fcr is 0.75,
1.13, 2.25, and 3 kHz for Figs. 10(a)–10(d), respectively.

For quantitative estimation of the image corrugation, we
calculated root-mean-square (RMS) amplitude of the each im-
age. The RMS value was multiplied by 2

√
2 to obtain a peak-

to-peak corrugation zpp. For Figs. 10(a)–10(d), zpp = 3.93,
3.79, 3.38, and 3.29 pm, respectively. The image obtained
with the highest fcr shows only 16% decrease in zpp from the
one obtained with the lowest fcr. The result shows that the de-
veloped scanning system is capable of imaging atomic-scale
structures with 3 kHz BFB.

(a) (b)

(c) (d)

0.5 nm

2 nm

1 nm

2 nm

FIG. 10. Contact-mode AFM images of mica in PBS solution obtained with
the developed scanners and HVAs. The screw holding mechanism was used
for both the sample and cantilever holders. Scan rate: 78.125 Hz. Imaging
speed: 0.82 s/frame. Pixels: 128 × 64 pix. For (a)–(d), vt = 0.39, 0.59, 1.17,
and 1.56 μm/s, fcr = 0.75, 1.13, 2.25, and 3 kHz, zpp = 3.93, 3.79, 3.38, and
3.29 pm, respectively.
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(a) (b)

(c) (d)

FIG. 11. Snapshots of 66 successive contact-mode AFM images of the
calcite crystal growth process in water (see video in the supplementary
material).17 (a) 0 s. (b) 20 s. (c) 40 s. (d) 60 s. The screw holding mech-
anism was used for both the sample and cantilever holders. Scan size: 20
× 10 nm2. Scan rate: 100 Hz. Imaging speed: 2 s/frame. Pixel size: 200
× 200 pix. Tip velocity: 4 μm/s.

C. Imaging of calcite

Figure 11 shows snapshots of 66 successive contact-
mode AFM images of a cleaved calcite surface in water. A
video file consisting of these AFM images is included in the
supplementary material.17 Each image was taken in 2 s with a
tip velocity of 4 μm/s. Even with the fast scanning speed, in-
dividual atoms are clearly resolved in the images. The spacing
between the atoms constituting a calcite surface is separated
by approximately 0.5 nm. Thus, the result shows that the scan-
ning system allows us to obtain a clear atomic-scale image in
liquid with fcr of 8 kHz. This high-speed and high-resolution
imaging capability has enabled in situ imaging of the calcite
crystal growth process with atomic-scale resolution.

The developed scanning system can be used for the real-
time imaging of various solid/liquid interfacial phenomena
with atomic-scale resolution. This capability should be par-
ticularly important for the studies on crystal growth, disso-
lution, and corrosion processes, where local atomic-scale ar-
rangements play important roles.
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