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We recently developed a method to directly actuate a cantilever in aqueous solutions by electrostatic

force [K.-I. Umeda et al., Appl. Phys. Express 3, 065205 (2010)]. However, the cantilever was

actuated by surface stress in a low frequency regime. We solved this problem by applying amplitude-

modulated high-frequency electric fields, which actuates the cantilever solely by electrostatic force.

The time variations of the self-oscillation frequency of a cantilever and the Au(111) surface images

by frequency-modulation atomic force microscopy using acoustic, photothermal, and the improved

electrostatic actuation methods were compared, which demonstrates the advantages of the last

method such as stability and simplicity in instrumentation. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4754289]

Recent development of high-resolution frequency-modu-

lation atomic force microscopy (FM-AFM) in liquid environ-

ments1,2 has enabled molecular-resolution real-space imaging

of biomolecules in physiological environments. In principle,

FM-AFM detects the interaction forces between a cantilever

tip and sample as the resonance frequency shift of the cantile-

ver. A piezoelectric actuator has been often used for exciting

the cantilever oscillation in liquids as well as in vacuum envi-

ronments and the ambient conditions. Since the mechanical

Q-factor of the cantilever is extremely low in liquid environ-

ments due to the hydrodynamic interaction between the canti-

lever and the liquid, not only the resonance of the cantilever

but the resonances of various mechanical parts composing a

cantilever holder and/or a liquid cell are also excited at the

same time. These spurious resonance peaks are often referred

to as “forest of peaks.”3 The non-ideal frequency response of

the cantilever causes various problems such as coupling of

the conservative and the dissipative forces4 and jump in the

self-oscillation frequency.5 Moreover, a phase delay at the

resonance frequency causes a deviation of the self-oscillation

frequency from the actual resonance frequency, which hin-

ders quantitative force measurements.6 Several efforts have

been reported on the development of cantilever holders with

reduced spurious peaks; however, it is still difficult to obtain

an intrinsic frequency response as a damped harmonic oscilla-

tor in liquids by indirect acoustic actuation using the piezo-

electric actuators.7–9 On the other hand, various direct

actuation methods such as magnetic10,11 and photothermal12

actuation methods and those using an acoustic radiation

force13 and a Lorentz force14 have been developed, in which

driving forces directly act only onto the cantilever to avoid

the spurious peaks. Since most of these methods require com-

plex instrumentation or the use of specially designed cantile-

vers, many researchers remain to use the acoustic actuation

method for its simplicity.

We recently developed an electrostatic actuation method

of a cantilever to overcome above-mentioned difficulties.15

This method is applicable for actuating metal-coated cantile-

vers and simply requires an optically transparent indium-tin-

oxide (ITO) electrode on a glass window of the liquid cell.

When an alternating bias voltage was applied between a

backside metal coating of a cantilever and the ITO electrode,

the cantilever was actuated by electrostatic force; however,

in polar liquid media such as aqueous solutions, the cantile-

ver was actuated by surface stress16 as well as electrostatic

force depending on the frequency range.15 Typically the can-

tilever actuation was governed by the surface stress at a fre-

quency range lower than tens of kHz in water. Because of

the surface stress, the cantilever did not show an intrinsic fre-

quency response as a damped oscillator in the low frequency

range. Moreover the surface stress also causes an additional

phase delay in the frequency range up to 1 MHz, which

remains problematic for quantitative force measurements as

mentioned above.6,17

In this letter, we introduce a direct cantilever actuation

method where the cantilever is actuated solely by electro-

static force, without affected by surface stress even in aque-

ous solutions. This method is basically applicable to metal-

coated cantilevers, and it only requires a counter electrode,

which is either a conductive sample surface or the ITO glass

window. The method presented here fundamentally produces

an intrinsic frequency response without any phase delay, and

its actuation efficiency is prominent in a polar liquid me-

dium, particularly in water, whose relative dielectric constant

is about 80.

The electrostatic force between the tip and sample can

be described as

Fesf ¼
1

2

@Cts

@z
V2; (1)

where Cts and z are the tip-sample capacitance and distance

and V is a bias voltage. When a voltage having two similar

high-frequency (HF) components is applied between the tip

and sample, the cantilever is actuated not only at the two fre-

quency components15 but also at a beat frequency of the two
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HF components by the quadratic nature of the electrostatic

force.18 In pure water, for instance, the surface stress becomes

dominant in the frequency range lower than tens of kHz while

the electrostatic force is dominant in the frequency range

higher than tens of kHz. Therefore, it is expected that the can-

tilever can be actuated at the beat frequency solely by the

electrostatic force when the two frequency components are

chosen at frequencies such as those higher than 1 MHz. This

method requires two HF signal generators; however it is also

possible to actuate the cantilever by applying an amplitude-

modulated (AM) HF voltage. In the latter method, the cantile-

ver is actuated at a modulation frequency.

Here we consider the case when the bias voltage given

by the following equation is applied:

V ¼ ðVHF þ DVHF cos xmtÞcos xHFt; (2)

where xm and xHF are modulation and carrier angular fre-

quencies, respectively. The induced electrostatic force is

composed of various frequency components; however, since

xHF is much higher than the resonance angular frequency of

a cantilever x0, most of the components other than that at

xm, which actuates the cantilever, are out of the frequency

range of concern. The electrostatic force on a cantilever

caused by the AM-HF voltage becomes

FAM
esf ¼

1

2

@Cts

@z

�
VHFDVHF cos xmt

þDV2
HF

4
ðcos 2xmtþ 1Þ þ V2

HF

2

�
; (3)

where we omit the components of whose frequencies are

much higher than x0.

Figure 1 shows a schematic of FM-AFM in liquids using

the AM-HF electrostatic actuation method. We used a modi-

fied commercial AFM head (Shimadzu SPM-9600) with

home-built electronics.19,20 We used a highly doped conduc-

tive silicon cantilever with a backside Au coating (Nanosensors

PPP-NCHAuD). Note that we prefer the coated cantilevers for

better optical sensor performance, but the method can also be

applied to highly doped silicon cantilevers without metal coat-

ing. As a counter electrode, we used conductive samples in this

study; however, it can be the ITO electrode on the cell window

as mentioned above. An HF voltage signal was generated from

a function synthesizer (Tektronix AFG3022B), and its ampli-

tude was modulated with an analog multiplier (Analog Devices

AD734). It should be noted that the AM-HF signal does not

contain a frequency component at xm, as described in Eq. (2)

and illustrated in Fig. 1. The signal was applied to the conduct-

ing sample through an isolation capacitor while the cantilever

was electrically grounded.

Figure 2 shows the frequency response curves of a canti-

lever obtained by acoustic, photothermal, and the AM-HF

electrostatic actuation methods. The spring constant (kz) of

the cantilever was 29 N/m, calibrated using Sader’s method,21

and the optical lever sensitivity was calibrated by fitting the

thermal noise spectrum to the damped harmonic oscillator

model.22 The frequency response curves were recorded by

using a lock-in amplifier (AMETEK 7280). Figure 2(a) shows

the frequency response curves obtained by acoustic actuation

method using a piezoelectric plate attached very close to the

cantilever. There are many spurious peaks in the amplitude

curve, which were caused by mechanical resonances of the

liquid cell including the cantilever holder. The phase varied

in a complicated way as a function of the actuation frequency.

Figure 2(b) shows the frequency response curves obtained by

FIG. 1. Schematic of FM-AFM in liquids using AM-HF electrostatic actua-

tion method. The AM-HF voltage was applied to a conductive sample as a

counter electrode through an isolation capacitor, while a metal-coated canti-

lever was electrically grounded. Frequency spectra of HF carrier signal,

modulation signal, and AM-HF signal are schematically shown below.

FIG. 2. Frequency response curves of the amplitude and phase of the cantile-

ver oscillation actuated by (a) acoustic, (b) photothermal, and (c) AM-HF

electrostatic actuation methods (solid curves). The curves were fitted to the-

oretical equation (3) (broken curves).

123112-2 Umeda et al. Appl. Phys. Lett. 101, 123112 (2012)
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photothermal actuation method. The details of the photother-

mal actuation setup is given in Ref. 6. The modulation ampli-

tude of the laser power was 12 mW peak-to-peak with the

average of 6 mW. The amplitude curve in Fig. 2(b) shows

only one resonance peak. The resonance peak was fitted to a

theoretical equation using the damped oscillator model,

A ¼ Gclðf ÞFesf m ¼
Q

Q
�

1� ðf=f0Þ2
�
þ iðf=f0Þ

Fesf m

kz
; (4)

where f0 ¼ x0=2p and Q were the resonance frequency and

Q-factor, respectively. Fesf m is the electrostatic force com-

ponent at xm, the first term in Eq. (3). The amplitude and

phase curves do not match with the theoretical curves

because of the finite time constant of the thermal conduc-

tion.23,24 Figure 2(c) shows the frequency response curves

obtained by the AM-HF electrostatic actuation method. An

AM-HF signal was applied between the cantilever and a Pt

plate of a counter electrode located 20 lm beneath the canti-

lever. The frequency response curves were measured as a

function of the modulation frequency. The amplitude of the

HF signal (carrier) VRF was 6.5 V peak-to-zero and the mod-

ulation depth was 100% (DVHF is equal to VHF). The ampli-

tude curve again shows a single resonance peak, from which

f0 and Q were determined as 126.344 kHz and 7.8, respec-

tively. The effect of the surface stress in the low frequency

range15 was no longer observed, and the experimental curves

were almost perfectly fitted to the theoretical curves. The

curves show that the intrinsic frequency response of the can-

tilever was obtained by the AM-HF electrostatic actuation

method, except for a slight phase delay due to the limited

bandwidth of the optical displacement sensor electronics,

and the response of the second resonance mode.

If the carrier frequency (fRF ¼ xRF=2p) is lower than

the characteristic dielectric relaxation frequency (fc) that is

calculated from the resistivity and dielectric constant of a

solvent, fc ¼ ð2pqeÞ�1
, the HF signal is effectively applied

to the electric double layer, and the cantilever is actuated by

the surface stress at fHF.15,25 However, by choosing fHF

greater than fc, the cantilever is solely actuated by the elec-

trostatic force between the tip and counter electrode. In prin-

ciple, the AM-HF actuation method can be applied in almost

all liquid media as long as the effective carrier frequency is

chosen. For example, fc is about 3 MHz for 1 mol/l KCl

aqueous solution.

Figure 3 shows time variation in the self-oscillation fre-

quency of the cantilever actuated by acoustic, photothermal,

and AM-HF electrostatic actuation methods in pure water.

The counter electrode was a Pt plate. The oscillation ampli-

tude of the cantilever was 5 nm peak-to-peak. The curve

obtained by the acoustic actuation showed a variation as

large as tens of Hz during the period of the measurement

because of the fluctuation of the shape of the water drop in

the open liquid cell.17 On the other hand, the curves obtained

FIG. 3. Time variation in the self-oscillation frequency of a cantilever actu-

ated by acoustic, photothermal, and AM-HF electrostatic actuation methods.

The photothermal data is shown with an offset.

FIG. 4. FM-AFM images of the Au(111) surface in pure water obtained by (a) acoustic, (b) photothermal, and (c) AM-HF electrostatic actuation methods. The

images were acquired in the constant frequency shift mode (Df¼þ350 Hz) and showed without any image processing except for a tilt correction. Scanned

area was 275 nm� 139 nm. Cross-sectional profile along a line along the slow scan direction in each image is also shown. Corresponding elapsed time calcu-

lated from the tip velocity is also labeled on the horizontal axis. The blue broken lines represent a monoatomic step height of the Au(111) surface as guides for

the eyes. The black arrow indicates one of the positions at which some fluctuation in the self-oscillation frequency occurred.
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by the photothermal and AM-HF electrostatic actuation

methods did not show significant variation over 10 min,

because the cantilever was self-oscillated at the intrinsic res-

onance frequency of the cantilever, which is required for

high-resolution AFM imaging.

Finally, we performed FM-AFM imaging of the Au(111)

surface epitaxially grown on a muscovite mica by acoustic,

photothermal, and HF electrostatic actuation methods in

water. The cantilever was oscillated in the constant amplitude

mode at 0.8 nm peak-to-peak. The images were acquired in

the constant frequency shift mode with a tip velocity of about

1070 nm/s. Figures 4(a)–4(c) show FM-AFM images acquired

by acoustic, photothermal, and AM-HF electrostatic actuation

methods, respectively. Cross-sectional profile of each line

along the slow scan direction is also shown below. A monoa-

tomic step with a height of about 0.3 nm was observed in

each image and cross-sectional profile. Because of a nonlin-

ear thermal drift of the tip-sample distance during the meas-

urements, some height fluctuations were also observed in the

FM-AFM images and profiles; however, the height fluctua-

tion caused by the fluctuation of the self-oscillation frequency

as shown in Fig. 3 was suppressed in the photothermal and

AM-HF electrostatic actuation methods, which brought

clearer monoatomic step features.

In conclusion, we developed HF electrostatic actuation

method for a cantilever in liquid media which has a great

advantage such as stability and simplicity over acoustic

and photothermal actuation methods. The method provides

an intrinsic frequency response of a cantilever, which is

free from the effect of the surface stress. Since the electro-

static force is acting between a whole cantilever and a

counter electrode, there is no fluctuation or jump in the self-

oscillation frequency, which allows us a precise resonance

frequency measurement for high-resolution FM-AFM imag-

ing, as well as for cantilever sensor applications,26 in various

liquid media.
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