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Abstract: Electrostatic force microscopy (EFM) is a useful technique when measuring the surface
electric potential of a substrate regardless of its topography. Here, we have developed a frequency
detection method for alternating current (AC) bias in EFM. Instead of an internal lock-in amplifier
(LIA) for EFM that only detects ωe and 2ωe, we have used other LIAs that can amplify the amplitude
of specific frequency by direct digital synthesizer (DDS), that finds the optimal frequency of surface
charge images. In order to confirm the performance of the proposed methods, the electrical properties
of lead zirconate titanate (PZT) and triglycine sulfate (TGS) samples were measured. In addition, we
compared the performances of the frequency-detection method and the conventional EFM method.
Ultimately, enhanced images could be achieved using the frequency-detection method. The optimal
modulated frequency-shift for force–gradient measurements was found to be 2 kHz. Additionally, we
have shown that it is possible to use a hard cantilever (K = 42 N/m, 330 kHz). Therefore, we expect
that this technique can be applied to measure the electrical properties of bio-molecular films.
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1. Introduction

Scanning probe microscopy (SPM) is widely used to analyze the surface structures and properties
of semiconductor and bio-molecular films [1–10]. The merits of the SPM method are that it does not
require any process for sample preparation, and minimizes damages of the probing sample [11–13].
Moreover, the growth of industries related to semiconductor and nano-bio devices has led to the
development of nanotechnology. Many researchers have now become aware of the importance of local
surface charge distributions, such as the local doping profiles of semiconductors [11,14,15], the work
function of two-dimensional materials [16–18], the surface potentials of bio-molecular films [19–22],
and the diodic behavior of nanofluidic devices [23–28]. From this point of view, electrostatic force
microscopy (EFM) is convenient when used to monitor the surface charge density levels and energy
properties of various films.

The basic principles of EFM are known to be measurements of amplitude changes at a fixed
frequency (amplitude modulation, AM) or frequency changes at a fixed amplitude (frequency
modulation, FM) of a vibrating cantilever, while maintaining a constant distance between the tip
and the surface of the sample. As electrostatic force Fel

z is applied via AC voltage (VAC), the probe
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vibrates with a frequency of ω. Thus, we can assume that the capacitance C, which is dependent on
the probe–sample distance z, is between the probe and the sample. In this case, the electrostatic force
Fel

z can be written as

Fel
z = − 1

2
∂C
∂z (VDC − VCPD + VACsinωt)2

= − 1
2

∂C
∂z

{
(VDC − VCPD)

2 + 2(VDC − VCPD)VACsinωt + V2
ACsin2ωt

} (1)

where VDC is the bias voltage externally applied to the probe, and VCPD is the contact potential
difference (CPD) between the tip and the sample. Given that the electrostatic force is proportional to
the square of the voltage, as indicated in the equation above, the vibration contains direct current (DC),
ω, and 2ω components. First, the DC component is the static attractive force that exists between the
electrodes. Second, the ω component is a force that is applied to the previously described charges
via the AC electric field. Third, the 2ω component is a force induced onto the capacitors by sole
means of the AC voltage. The ω component disappears when an appropriate bias voltage is applied
to the probe in order to cancel out the CPD; i.e., VDC − VCPD = 0. The surface potential, or CPD,
can be quantitatively measured using the feedback control of VDC to ensure that the ω component is
equivalent to zero [2,29–31].

The FM mode refers to the detection method by which the resonance frequency shift of the
cantilever is tracked by a self-oscillator or a phase-lock loop (PLL) [2,5,29]. Both topographic and
electrostatic signals can be detected by the oscillation of a cantilever near the resonance frequency.
Although the modulation voltage of the probe is not in resonance frequency, the electrostatic force
can be measured and the electrostatic force induces a shift of the natural resonant frequency ωo.
These side-bands are extremely sensitive to the electrostatic forces as a result of the large gradient force
from the probe apex. The measured signal is proportional to the force gradient, and the relationship
can be written as

∆ω ≈ − ω

2k
∂Fel

z
∂z

= − ω

2k
∂2C
∂z2 (VDC − VCPD)VACsinωet = Fesinωet (2)

Fe ≡ − ω

2k
∂2C
∂z2 (VDC − VCPD)VAC (3)

where ∆ω is the modulated resonance frequency, and Fe is the magnitude of the modulated frequency.
The frequency-modulated cantilever is deflected by the external force and the motion of the probe can
be described as

x(t) = Asin
(∫ t

0 (ω + Fesin(ωet))dt
)
= Asin

(
ωt − Fe

ωe
cos(ωet)

)
,
(

i f Fe
ωe

is small
)

≈ Asin(ωt)− A Fe
ωe

sin(ωet)cos(ωt)
= Asin(ωt) + A

2
Fe
ωe

sin((ω − ωe)t)− A
2

Fe
ωe

sin((ω + ωe)t)

(4)

where A is the oscillation amplitude [30–32].
In the former study, Zerweck et al. showed that the side-band frequency sensitive to the force

gradient can be generated by modulation frequency, and the lateral resolution of FM mode is higher
than its of force-sensitive AM mode [30]. Moreover, Y. Miyahara, et al. reported that the image
resolution of Kelvin probe force microscopy could be enhanced by applying AC bias at a specific
phase of oscillating force [31]. However, it is not yet well understood the relation between the
degree of modulation and the side-band frequency. Thus, in this experiment, we described the
convenient method to find the optimized side-band frequency, by tuning external frequency during in
situ measurements.

Thus, in this study, we utilize a simple, reliable, and precise EFM method using a direct digital
synthesizer (DDS) that modifies the side-band frequency (fe = ωe/2π) and the oscillation frequency
(fo = ωo/2π) of the tip. The side-band was formed near the natural frequency of cantilever by coupling
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with AC voltage of electrostatic force gradient [29–31]. In the case of conventional EFM method, two
LIAs are used in a series to extract the side-band signals. The first lock-in amplifier (LIA) can produce
a phase output, and the amplitude of the side-band frequency can be measured by feeding the phase
output to the second LIA [32]. However, in current study, the force-gradient signals can be directly
detected by feeding the side-band frequency to the external LIA of the EFM as a reference signal.
Moreover, the advantage of the side-bands near the natural resonance frequency, lies in the fact that
they are independent of the resonant frequency, noise bands, and other interfering resonances. Finally,
we are able to produce an accurate side-band frequency using the DDS more easily than when using
an analog method.

2. Methods and Results

2.1. Materials and Set-Up

In order to confirm the consistency and reliability of the force gradient method, we used lead
zirconate titanate (PZT) and triglycine sulfate (TGS) samples, which are ferroelectric materials with
polarization domains [33–37]. Moreover, it is possible to adopt a cantilever with high stiffness and
frequency (K ~ 42 N/m, 330 kHz) levels, such that it can minimize the effect of humidity and enhance
the spatial resolution [19].

As shown in Figure 1, we established an EFM system combined with the DDS, in order to
generate more precise side-bands. A custom-built DDS system was inserted in commercial atomic
force microscopy (AFM) equipment (nTRACE, Nanofocus Inc., Seoul, Korea). In the DDS circuit, a
DDS-based programmable waveform generator (AD9834, Analog Dialogue, Norwood, MA, USA) is
used, and it operates at 5.5 V with a 50 MHz clock. SR830 and SR844 LIA (Stanford research systems)
are used as the external LIA instead of an internal LIA for EFM. Then, the frequency (fe) of the AC
bias voltage and the frequency (fo) for mechanical oscillation were regulated by the DDS. Ultimately,
a combination of the angular frequencies of ωo and ωe results in the side-bands of ωo ± ωe. As we
directly assign a side-band frequency to the EFM lock-in amplifier, the EFM signals can be extracted.
Additionally, we were able to optimize the recipe and carry out the various measurements in FM mode,
because the side-band frequency of any cantilever is easily generated by the DDS. The great virtues
of digital methods are that they generate less noise than analog methods and offer fine frequency
resolutions [38].
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Figure 1. Schematic set-up of the electrostatic force microscopy (EFM) using a direct digital synthesizer
(DDS). The vibration of the oscillator with a natural frequency of ωo, alternating current (AC) voltage
with a frequency of ωe, and EFM signals with a side-band frequency of ωo ± ωe were operated by
the DDS.
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We measured the surface profiles of the zirconate titanate (PZT) and triglycine sulfate (TGS)
samples using the conventional EFM method and the modified frequency-detection method. First, the
PbZrxTi1−xO3 (PZT) films were deposited onto silicon substrates via radio frequency (RF) magnetron
sputtering. The polarization direction of each domain in the PZT films was randomly oriented.
This enabled us to construct arranged domains on the PZT film by applying positive or negative
voltage to the probe [36,39]. Additionally, TGS grown by evaporation from aqueous solution was
chosen owing to its natural ferroelectric properties [40].

2.2. Optimal Frequency Detection for EFM Image

Evaluations for image quality were performed using calculation of signal-to-noise ratio (SNR).
The root mean square (RMS) noise can be defined as the square root of the mean variances from the
pedestal region. Hence, the SNR can be written as follows:

SNR = signal/RMS noise (5)

Subsequently, we investigated various side-band frequencies for the optimization of the recipe
using the DDS method. In this experiment, a commercial Pt/Ir-coated EFM tip with a force
constant of 2.8 N/m and resonance frequency of 75 kHz (PPP-EFM, NANOSENSORSTM, Neuchâtel,
Switzerland) was used. As shown in Figure 2, we obtained various EFM images of the TGS surface
using both of typical and modified methods. All measurements were carried out at the same
position to directly compare the image qualities. Each image was drawn using SPIP software
(version 6.3.2, Image Metrology, Hørsholm, Denmark) and the SNR was analyzed using Matlab
software. The frequency-shift of side-band was varied from 1 to 5 kHz. When we used a spectrum
analyzer (HP 8596E, Hewlett-Packard, Palo Alto, CA, USA), it was possible to obtain the maximum
SNR at a 2 kHz side-band difference; this value was approximately 2.6 times higher than the result of
the lowest SNR value, as shown in Figure 2e.

2.3. Applications of Optimized Side-Band Frequency

As shown in Figure 3, by taking into account the side-band frequency as a reference signal of the
FM mode, we set the optimal frequency shift to be 2 kHz and acquired the TGS images using EFM
set-up using DDS. Comparison with conventional AM mode was performed in our set-up because
it is difficult to find the same probing spot using standard EFM. In this experiment, the resonance
frequency of the cantilever was 66.7 kHz and the spring constant was about 3 N/m. Therefore, the
generated side-band frequencies for the FM mode were 64.7 kHz and 62.7 kHz, respectively. In this
case, the SNR produced by the optimized frequency also showed 1.73 times higher than that seen with
the image of 4 kHz frequency shift, and 1.35 times higher than the AM method.

We also implemented the DDS method with a stiff cantilever (PPP-NCHR, NANOSENSORSTM,
Neuchâtel, Switzerland, K ~ 42 N/m, 330 kHz) using the DDS method because this allows the
generation of the optimized side-band frequency (2 kHz shift). Gold film with a thickness of 15 nm
was coated onto a silicon probe using an e-gun evaporator (VI-43N, Anelva, Kanagawa, Japan) to
impart conductivity to the tip. With the deposition of Au, the resonance frequency of the cantilever
changed slightly (ωo ~ 314 kHz).

Surface dipole moment of PZT can be altered by direct contact EFM. Thus, the PZT was chosen to
make narrow patterns showing electric contrasts. As shown in Figure 4a, we applied positive bias at
10 V to the dark lines and negative bias at −5 V to the gray line in order to accomplish the domain
switching of polarization via an external electric field.

When we measured the surface profiles of the PZT film using the AM mode and optimized
side-band mode, the SNR values were found to be 6.0295 and 12.104, respectively. For the TGS
sample, the SNR values were calculated to be 4.701 and 7.377. That is, the resolution of the optimized
side-band EFM images is improved from 1.57 to nearly twofold compared to that of the AM mode
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images. Therefore, the frequency-detection method also can be applied to a high-frequency cantilever
to improve the image quality.Appl. Sci. 2017, 7, 704  5 of 8 
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shift images using the DDS method and plots of the dashed line. (e) Signal-to-noise ratio (SNR) graph 
with different side-band frequencies. 

Figure 2. EFM images of the triglycine sulfate (TGS) surface with a scan size of 17 µm × 17 µm,
showing spontaneous polarization: (a) 1 kHz, (b) 2 kHz, (c) 3 kHz, and (d) 5 kHz side-band frequency
shift images using the DDS method and plots of the dashed line. (e) Signal-to-noise ratio (SNR) graph
with different side-band frequencies.
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AM: amplitude modulation.
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Figure 4. Applied optimal frequency to hard cantilever. EFM images of lead zirconate titanate (PZT)
and triglycine surfaces (TGS) in a 10 µm × 10 µm scan size at a high resonance frequency (ωo: 314 kHz).
(a) Topographic image of PZT (inset: the external field distribution), (b) typical AM-EFM image of
PZT (ωe: 2 kHz), (c) FM–EFM image of PZT at optimized side-band frequency (ωo − ωe: 312 kHz),
(d) line profile of the PZT surface; (e) Topographic image of TGS, (f) typical AM-EFM image of TGS
(ωe: 2 kHz), (g) FM–EFM image of TGS at optimized side-band frequency (ωo − ωe: 312 kHz) and
(h) line profile of the TGS surface.

3. Discussion and Conclusions

In conclusion, we implemented an easy, reliable, and precise frequency detection method using
a DDS. Basically, it is known that high quality factor can be achieved by using the side-band close
to the resonance frequency. Thus, in this experiment, we found that the appropriate frequency shift
having the highest signal-to-noise ratio was 2 kHz by producing precise modulation frequencies.
Especially in the TGS measurements conducted here, the SNR is roughly 2.6 times better than the
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lowest SNR. Additionally, the results with a stiff cantilever, which is less affected by the humidity on
the sample [19], also indicate that the DDS approach is feasible at high frequencies in the FM mode.
Ultimately, the EFM images at the optimized side-band frequency are 1.57 to 2 times better than the
conventional EFM images. We expect that the findings of our research will help to inspire an accurate
and reliable methodology that can be used to analyze the electric characteristics of semiconductor and
bio-molecular films.
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