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2ACT-C, Japan Science and Technology Agency, Saitama 332-0012, Japan

Recently, there have been significant advancements in liquid-environment atomic force microscopy (AFM)
with true atomic resolution. The technical advancements are followed by a rapid expansion of its application
area. Examples include subnanometer-scale imaging of biological systems and three-dimensional measure-
ments of water distributions (i.e., hydration structures) and fluctuating surface structures. However, to con-
tinue this progress, we should improve the fundamental performance of liquid-environment dynamic-mode
AFM. The present AFM technique does not allow real-time imaging of atomic-scale dynamic phenomena
at a solid-liquid interface. This has hindered atomic-level understanding of crystal growth and dissolution,
catalytic reactions and metal corrosion processes. Improvement in force sensitivity is required not only for
such a high-speed imaging but also for various surface property measurements using a high-resolution AFM
technique. In this review, we summarize recent works on the improvements in the force sensitivity and

operation speed of atomic-resolution dynamic-mode AFM for liquid-environment applications.

1. Introduction
Atomic-scale processes at a solid-liquid interface play important roles in chemical
reactions on an electrode or a catalyst, and molecular interactions at a biomolecu-
lar interface. However, difficulties in direct imaging of these processes have hindered
their atomic-scale understanding. Atomic force microscopy (AFM)" is one of the most
promising candidates to solve this problem. In 1993, Ohnesorge and Binnig first demon-
strated true atomic-resolution imaging in liquid by static-mode AFM.? However, static-
mode AFM imaging often damaged a sample owing to the lateral scan of a tip in contact
with a surface.

Recently, there have been significant advancements in liquid-environment dynamic-

mode AFM. In 2005, Fukuma et al. demonstrated true atomic-resolution imaging in

*E-mail: fukuma@staff.kanazawa-u.ac.jp
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liquid by frequency modulation AFM (FM-AFM).*) Subsequently, a comparable spatial
resolution was also achieved by other operation modes such as phase modulation and
amplitude modulation AFMs (PM- and AM-AFMs).%® One of the key techniques that
enabled high-resolution imaging is small-amplitude oscillation of a cantilever (A <
0.5 nm). The reduction of A enhances sensitivity to a short-range interaction force,®
which enabled true atomic-resolution imaging even with a low Q factor of the cantilever
resonance.

The progress in liquid-environment dynamic-mode AFM opened up possibilities of
various imaging studies. Examples include subnanometer-scale imaging of biological

™10) and direct visualiza-

systems under physiologically relevant solution conditions,
tion of three-dimensional (3D) distributions of hydration structures,'**!? and flexible
molecular chains.' These advanced applications highlighted the excellent potential of
high-resolution AFM in liquid.

To continue this progress, it is essential to improve the fundamental performance of
liquid-environment dynamic-mode AFM. Direct imaging of dynamic phenomena such as
molecular interactions, crystal growth and dissolution, catalytic reactions and corrosion
processes requires a wide bandwidth for tip-sample distance regulation. To increase the
bandwidth without deteriorating the present spatial resolution, we should also improve

the force sensitivity. In this review, we summarize recent works on the improvements in

the force sensitivity and operation speed of liquid-environment high-resolution AFM.

2. Improvement of force sensitivity

To obtain a true atomic-resolution image by AFM, we typically need to visualize ~10 pm
corrugations. At a solid-liquid interface, the tip-sample distance is regulated at a force
branch with a slope of ~1 N/m. Thus, the minimum detectable force (F,i,) required
for true atomic-resolution imaging is typically ~10 pN. For visualizing 3D hydration
structures at a solid-liquid interface, we should, at least, detect force variations caused
by the first and second hydration shells. For the first hydration shell, the induced force
variation is a few hundreds of piconewtons, while that for the second hydration shell
is several tens of piconewtons. Therefore, 3D hydration structure imaging also requires
~10 pN Foi,. The present AFM can barely satisfy these requirements. The limited
performance margin leads to poor reproducibility and strong dependence on the user
skills. In addition, it also limits the measurement bandwidth to less than 100 Hz. In the

rest of this section, we describe recent works to overcome this limitation by improving
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(a) NCH (b) USC

100 pm

100 pm

Fig. 1. (Color online) SEM images of (a) conventional (NCH) and (b) small cantilevers. Reused
with permission from Ref. 18. Copyright 2012 IOP Publishing.

Fmin-
2.1 Small cantilevers for improving minimum detectable force

Foin in dynamic-mode AFM is ultimately determined by the thermal vibration of a

cantilever. With the small amplitude approximation, Fy,;, for FM- and PM-AFM is

 |akkpTB
Fmin - WfOQ ) (1)

where k, Q, fo, kg, and T denote the spring constant, Q) factor and resonance frequency

given by* 14

of a cantilever, Boltzmann’s constant, and temperature, respectively. For AM-AFM,
FLin depends on the position of the cantilever driving frequency relative to the cantilever
resonance. However, the optimal value is given by an equation similar to Eq. (1).'%

Among the parameters in Eq. (1), T and B are typically determined by the ap-
plication purpose. Thus, we cannot arbitrarily change the values for improving Fi,.
The reduction in k£ generally leads to an increase in instability such as that caused by
thermal vibration of a cantilever or tip adhesion to the surface. For enhancing @) in
liquid, various cantilever geometries have been explored.'®) However, a geometry giving
a high Q factor tends to provide a high k'™ and hence the obtained Fl, is not sig-
nificantly improved. Therefore, enhancement of f; is the most effective way to improve
FlLin without deteriorating the applicability.

To enhance fy without changing other parameters, we should reduce the cantilever
size. The effectiveness of the size reduction has been well known since the early stage
of AFM development. Nevertheless, small cantilevers have not been commonly used for
atomic-scale AFM experiments in liquid. This is not only due to the difficulties in their
mass production but also due to the lack of AFM instruments that can achieve the

optimal performance predicted by Eq. (1) with a small cantilever.
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Owing to the development of microfabrication technologies, it has recently become
possible to produce small cantilevers with an acceptable yield rate.'®") Now, small
cantilevers with a megahertz-order resonance frequency are commercially available.
Figure 1(a) shows a scanning electron microscopy (SEM) image of a typical cantilever
(Nanoworld NCH) that has often been used for atomic-resolution AFM imaging in lig-
uid. The cantilever has fy, k, and @ of 150 kHz, 40 N/m, and 8 in liquid, respectively.
Figure 1(b) shows an SEM image of a small cantilever (Nanoworld USC) that has re-
cently become available as a commercial product. The cantilever has fy, k, and @ of 3.5
MHz, 30 N/m, and 7 in liquid, respectively. From these values and Eq. (1), Fl,, values
for the NCH and USC are 4.2 and 0.8 pN at B = 100 Hz, respectively. Thus, the small
cantilever should provide five fold improvement in F},;, in liquid.

However, this is true only when Fy;, is predominantly determined by the thermal
cantilever vibration. In practice, obtaining the thermal-noise-limited performance with
a small cantilever imposes stringent requirements on AFM instrumentation. In the rest
of this section, we review major problems in using a small cantilever (USC) and their

solutions.

2.2 Cantilever deflection sensor
To detect the cantilever vibration at 3.5 MHz, the cantilever deflection sensor should
have a bandwidth wider than at least 5 MHz. For a deflection sensor using the optical
beam deflection method, we also need a high-magnification optics to align the laser
beam position to the cantilever end. Moreover, noise from the deflection sensor should
be very small. The optimal F,;, is ultimately determined by the thermal cantilever
vibration spectral density around fy (n,(fy)), which is given by
2kpTQ

7 fok
For a USC cantilever, this value is typically 13 fm/ vHz. To achieve the thermal-noise-

nz(fo) = (2)

limited performance, noise from the deflection sensor should be much smaller than this
value. To suppress the deflection noise increase due to the sensor noise to less than 10%,
we should reduce its spectral density to less than 5 fm/ v/Hz. This value is much less
than a typical value for a commercial AFM system (typically > 100 fm/v/Hz).
Among these requirements, we can achieve the wide bandwidth and high magnifica-
tion by following the standard design guidelines. On the contrary, the design of the low

noise cantilever deflection sensor is not so trivial. One of the most effective solutions is
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Fig. 2. (Color online) (a, b) FM spectra obtained with a USC cantilever in water before and after
the improvement of the photothermal excitation setup. (¢) Improved setup for the photothermal

excitation. Reused with permission from Ref. 18. Copyright 2012 IOP Publishing.

the use of high-frequency laser power modulation.?> 2% By modulating the laser power
at a radio frequency (300-500 MHz), we can reduce the coherence of a laser beam. In

this way, we can suppress mode-hop and interference noises caused by a laser beam.

2.3 Cantilever excitation system

The piezoelectric excitation method'® has been most commonly used for oscillating
a cantilever. However, in this method, the acoustic wave generated by a piezoactua-
tor excites spurious vibrations of various mechanical components constituting an AFM
head. These spurious vibrations prevent stable and accurate measurements. To avoid
this problem, we should use a direct excitation method such as the magnetic® or
photothermal®® excitation method. The former is not suitable for oscillating a small
cantilever as the magnetic force significantly decreases when the cantilever size is re-
duced. The latter is the most promising candidate for oscillating a small cantilever. In
this method, a laser beam with its power modulated at fy is irradiated to the fixed
end of a cantilever. The periodically induced local thermal expansion of the cantilever
material excites a cantilever oscillation.

To achieve the thermal-noise-limited performance with a small cantilever, we need

to pay special attention to the stability of the excitation laser beam.!'®) For example,
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Fig. 2(a) shows a frequency modulation (FM) spectrum of an oscillating USC cantilever
in water. The spectrum was obtained with a standard setup for the photothermal exci-
tation. The spectrum shows an enhanced noise level in the frequency range less than 10
Hz. Such an instability is a serious problem in many of the practical AFM applications.

To suppress the instability, it is effective to improve the laser pointing stability. For
this purpose, we integrated a laser diode in a temperature-controlled unit [Fig. 2(c)].'®
The emitted light is transmitted through a polarization-maintaining optical fiber to
the AFM head. A polarization-maintaining optical fiber is known to provide a high
immunity to temperature drifts and mechanical vibrations. Figure 2(b) shows an FM
spectrum of an oscillating USC cantilever measured with the improved setup. The spec-

trum shows that the low-frequency noise is well suppressed to provide the theoretically

expected noise level indicated by the dotted line.

2.4 EBD tips
As we reduce the cantilever size, we should also reduce the tip size. However, the
conventional tip fabrication method using a Si etching process is not necessarily ideal
for fabricating such a small tip. As an alternative method, electron beam deposition
(EBD) of a carbon tip has been studied.?” 33 In this method, a focused electron beam is
irradiated to the cantilever end by SEM. This induces deposition of decomposed organic
molecules in the SEM chamber and produces a sharp carbon tip. An EBD tip is made
of high-density carbon, which has Young’s modulus of up to 800 GPa. This value is
much larger than that of Si (< 190 GPa). This difference becomes important as the tip
size decreases or the scanning speed increases.

Although EBD tips have been successfully used for some of the AFM applica-

35.36) their use in atomic-scale measurements in liquid has been hindered by the

tions,
following problems: An EBD tip can produce carbon contaminations, which often pre-
vents atomic-scale imaging in liquid. The contaminations are produced either by disso-
lution of an EBD tip or desorption of carbon contaminations deposited on the cantilever
surface during the tip fabrication process. Figure 3(a) shows an FM-AFM image of a
cleaved mica surface obtained in phosphate-buffered saline (PBS) solution using a USC
cantilever. The image was obtained 30 min after the immersion of a cantilever into the
liquid. The large corrugation shows that the surface is covered with contaminations

from the cantilever.

In our previous study,?” we found that this problem can be solved by coating the
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(a) Without Si coat (b) With Si coat

5nm

Fig. 3. (Color online) FM-AFM images of a cleaved mica surface obtained in PBS solution using a
USC cantilever. (a) Without Si coat 30 min after the tip immersion into the imaging solution. (a)
With Si coat 200 min after the tip immersion into the imaging solution. (¢) As-purchased EBD tip
with Si coat. (d) Home-made EBD tip with Si coat. Reused with permission from Ref. 34. Copyright
2015 IOP Publishing.

tip and cantilever surfaces with Si [Fig. 3(b)]. This prevents both the dissolution of
the tip and the desorption of the contaminations from the cantilever surface. However,
even with a Si coat, some of the EBD tips do not allow us to perform atomic-resolution
imaging as shown in Fig. 3(c). As indicated in the inset of the figure, an EBD tip has a
high aspect ratio. Thus, the mechanical stability is often insufficient for providing the
required stability of the tip apex. To solve this problem, we developed a method for
fabricating an EBD tip suitable for atomic-scale imaging in liquid [Fig. 3(d)]. In this
method, we attach a 2 pum silica bead to the cantilever surface with glue and fabri-
cate an EBD tip on it. As the tip length decreases, the distance between the cantilever
and the sample during AFM experiments decreases. With decreasing cantilever-sample
distance, hydrodynamic damping caused by liquid confinement between two plates be-
comes evident. This leads to a reduction in Q factor and hence an increase in Fp, [see
Eq. (1)]. In the proposed method, owing to the bead height, we can suppress such a
cantilever-sample interaction even with a relatively short (500-700 nm) tip having suf-

ficient mechanical strength. Therefore, we can reproducibly perform atomic-resolution
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Fig. 4. (Color online) (a) (b) Frequency shift versus distance curves measured on a cleaved mica
surface in PBS solution with NCH and USC cantilevers, respectively. Sampling rate: 2 kHz. Tip
velocity: 1 nm/s. B = 100 Hz. (c) (d) Force versus distance curves calculated from the frequency shift
curves shown in (a) and (b), respectively. Reused with permission from Ref. 18. Copyright 2012 IOP
Publishing.

imaging in liquid with a fabricated EBD tip as shown in Fig. 3(d).

2.5 Improved force sensitivity

Figures 4(a) and 4(b) show frequency shift versus distance curves obtained on a cleaved
mica surface in PBS solution using the NCH and USC cantilevers, respectively. Both
curves show oscillatory profiles, reflecting the hydration structure at the mica-water
interface. However, the signal-to-noise ratio (SNR) is greatly improved by the use of
a small cantilever. The peak-to-peak frequency shift variation obtained with the NCH
cantilever is 960 Hz, while that obtained with the USC cantilever is 49 kHz. Figures 4(c)
and 4(d) show force curves converted from the frequency shift curves shown in Figs. 4(a)
and 4(b), respectively. The curves show that the peak-to-peak force variations obtained
with the NCH and USC cantilevers are 0.17 and 0.2 nN, respectively. From these values,
we calculated force sensitivities and obtained 5.65 and 245 THz/N for the NCH and
USC cantilevers, respectively. These results show that the small cantilever enhances the
force sensitivity 43 times. With B = 100 Hz, frequency noise values are 60.4 and 354 Hz
for the NCH and USC cantilevers, respectively. Thus, F;, values are 10.7 and 1.44 pN
for the NCH and USC cantilevers, respectively. These results show that we can improve

FLin by a factor of seven using a small cantilever. This significant improvement should
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provide a sufficient force sensitivity in most of the practical applications.

3. Improvement of operation speed
Development of a high-speed atomic-resolution AFM technique requires two major im-
provements. First, we should improve F;, to achieve a force sensitivity required for
true atomic-resolution imaging even with a wide measurement bandwidth B. In the
previous section, we showed that we can improve F,,;, by a factor of seven using a small
cantilever. Equation (1) shows that F;, is proportional to v/ B. Thus, the seven fold
improvement in F;, creates a sensitivity margin that can be used for enhancing B 50
times without losing the capability of true atomic-resolution imaging.

Secondly, to take advantage of the sensitivity margin, we should improve the feed-
back bandwidth (Bpg) of the tip-sample distance regulation loop. The enhancement of
Brg requires improvements of all the components constituting the loop. In fact, we have

improved the bandwidths of a cantilever deflection sensor,*® a photothermal excitation

18,38) 39,40)

system, a scanner, a high-voltage amplifier,® a feedback controller, a phase

D and a frequency detector. Among them, here we review the improvements

detector,?
of a scanner and a phase detector as they are typically the major limiting factors of the

operation speed.

3.1 High-speed scanner

A high-speed operation of a scanner imposes two major requirements in the design.
First, a scanner should have a high resonance frequency. This requirement is particularly
stringent for a Z scanner. In fact, the maximum response time of an AFM system is
often limited by the resonance frequency of a Z scanner. The design guideline to satisfy
this requirement is simple. We should reduce the size and weight of a Z scanner. We
should also keep its usability within an acceptable range. Thus, the major issue is the
trade-off between the speed and the usability.

Secondly, a scanner should have a low cross-talk with the other mechanical com-
ponents constituting an AFM head. Even if we drive a scanner at a frequency lower
than its resonance, the acoustic wave generated by the scanner often excites vibrations
of the other mechanical components. The induced vibrations disturb the motion of the
scanner and hence practically limit the highest driving frequency.

To satisfy these two requirements, we used separate-type XY and Z scanners as

539,40

shown in Fig. ) In the XY scanner, a pair of actuators is used for scanning the
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(b)

Sample

Thread

Tip holder Z actuator

Fig. 5. (Color online) Schematic illustrations of the separate-type high-speed scanners. (a) XY
sample scanner. (b) Sample holder using the screw holding mechanism. (¢) Z tip scanner with a
counter balance actuator. (d) Cantilever holder with a plate spring and a screw. Reused with
permission from Ref. 39. Copyright 2013 AIP Publishing.

sample stage in one direction [Fig. 5(a)]. A sample is glued onto the top side of the
sample holder, while a screw protruding from the bottom side of the holder is used for
fixing it to the sample stage having a threaded hole at its center [Fig. 5(b)]. So far,
glue has been commonly used to fix a sample holder to the stage in high-speed AFM to
minimize the mass to be scanned in Z.*?) This has prevented easy exchange of samples
and significantly deteriorated its usability. The screw holding mechanism allows easy
replacement of samples. Owing to the separate-type design, we can use a relatively large
sample (diameter > 6 mm) without reducing the speed of the Z scanner.

The Z scanner consists of two actuators [Fig. 5(d)]. One of them is used for scanning
the tip in Z, while the other for canceling the impulsive force generated by the scanning
motion.*®) As we use an optical beam deflection sensor for detecting the cantilever
deflection, the Z displacement of a cantilever caused by the scanner should change the
laser spot position on the position-sensitive photodetector and hence the dc level of the
cantilever deflection signal. However, this is not a serious problem in dynamic-mode
AFM, where a cantilever vibration higher than 100 kHz is detected and used for the
tip-sample distance regulation. The small change in dc deflection hardly influences the
sensitivity of the optical beam deflection sensor. In this design, the cantilever is not

glued to the stage. This also allows easy exchange of the cantilevers. These designs
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Fig. 6. (Color online) Frequency responses of (a) the XY sample and (b) Z tip scanners. Reused
with permission from Ref. 39. Copyright 2013 AIP Publishing.

provide high usability as well as high resonance frequency and low cross-talk between
the scanners.

Figure 6 shows frequency responses of the developed XY sample and Z tip scanners.
The major resonance frequencies for the two scanners are 40 and 260 kHz, respectively.
In addition, these scanners show an almost flat response up to 1 and 10 kHz, respectively.
As discussed above, the sensitivity margin provided by a small cantilever allows 50
times enhancement of B without losing the atomic-resolution imaging capability. So
far, typical B used for atomic-resolution imaging is ~100 Hz. This suggests that we
can improve B up to ~5 kHz. The performance shown in Fig. 6 is sufficient for AFM

operation at this bandwidth.

3.2 Low-latency phase detector

A phase detector (PD) is a key component in PM- and FM-AFMs. In PM-AFM, the
phase signal is used as a feedback signal for the tip-sample distance regulation while,
in FM-AFM, it is used as a feedback signal in a phase-locked loop (PLL) circuit. In
both cases, the bandwidth and latency of a PD critically influence the AFM operation
speed.

In a conventional AFM, a lock-in amplifier (LIA) is used for detecting the amplitude
(A) and phase (¢) of the cantilever deflection signal [A cos(wt + ¢)]. In the LIA, the
deflection signal is multiplied by a cantilever excitation signal [cos(wt)] to produce dc
and 2w components. The 2w component is removed by a low-pass filter (LPF) and the
dc component is used for calculating A and ¢. However, the LPF generally has a large
latency even at its pass band. This has limited the speed of the conventional PD.

Recently, we have proposed an improved method for phase detection as shown in
Fig. 7.*Y In this method, instead of using the LPF for removing the 2w component,

a high-pass filter (HPF) is used for removing the dc component. The 2w component
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Fig. 7. (Color online) (a) Schematic diagram and (b) frequency response of the developed PD.
Reused with permission from Ref. 41. Copyright 2013 AIP Publishing.

is used for calculating A and 2wt + ¢. Subsequently, we can subtract the term 2wt to
obtain the phase ¢. The HPF has an almost negligible latency at its pass band, which
enables high-speed phase detection.

Figure 7(b) shows the frequency response of the developed PD. We used a phase-
modulated 3 MHz signal for this analysis. The amplitude response shows a flat response
up to 3 MHz. Namely, the bandwidth is not limited by the PD but by the input signal
frequency. However, owing to the latency of the PD, the phase response shows a gradual
decrease in the frequency range higher than 10 kHz. The latency estimated from the
phase curve is 0.97 ps. This performance is sufficient for achieving a B higher than 5
kHz.

3.3 Improved operation speed

We improved F),;, using a small cantilever. We enhanced Bpg by improving the time
response of all the devices in the tip-sample distance regulation loop. Combining all
these components, we developed a high-speed and atomic-resolution AFM technique
for visualizing dynamic events at a solid-liquid interface.*!)

Figure 8 shows successive PM-AFM images of the calcite dissolution process mea-
sured in water. Atomic-scale contrasts and step edges are simultaneously visualized at
2 s/frame. This demonstrates the true atomic resolution of the developed high-speed
AFM. In the imaging, the tip velocity is 10 pum/s and the periodicity of the surface
corrugations is ~0.5 nm. Thus, the frequency of the corrugations to be detected (f)
is ~20 kHz. The Bpp of the conventional atomic-resolution AFM is less than 1 kHz.
Therefore, it has been difficult to detect such a high f.,. The developed high-speed AFM

enables such a high-speed imaging owing to the improved F,,;, and Bpg.
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Fig. 8. (Color online) Successive PM-AFM images of calcite crystal dissolution process in water:
(a) 0, (b) 20, (c) 32, and (d) 40 s. Scan size: 20 x 20 nm?. Scan rate: 250 Hz. Imaging speed: 2
s/frame. Pixel size: 500 x 500 pix?. Tip velocity: 10 ym/s. Reused with permission from Ref. 40.
Copyright 2014 AIP Publishing.

4. Conclusions

In this review, we summarized major difficulties for improving the fundamental perfor-
mance of liquid-environment atomic-resolution AFM. We reduced F,,;, using a small
cantilever. We enhanced Byp using a separate-type high-speed scanner and a low-latency
phase detector. Combining all these efforts, we demonstrated real-time imaging of the
calcite dissolution process with true atomic resolution.

To date, the difficulties in the direct imaging of solid-liquid interfacial phenomena
have hindered atomic-level understanding of important issues in biology, chemistry,
and physics. The development of the high-speed and atomic-resolution AFM should
present a breakthrough in many of the research subjects that are related to hydration

phenomena.
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