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We report a Kelvin probe force microscopy (KPFM) implementation using the dissipation signal of

a frequency modulation atomic force microscopy that is capable of detecting the gradient of

electrostatic force rather than electrostatic force. It features a simple implementation and faster

scanning as it requires no low frequency modulation. We show that applying a coherent ac voltage

with two times the cantilever oscillation frequency induces the dissipation signal proportional to

the electrostatic force gradient which depends on the effective dc bias voltage including the contact

potential difference. We demonstrate the KPFM images of a MoS2 flake taken with the present

method are in quantitative agreement with those taken with the frequency modulated Kelvin probe

force microscopy technique. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4981937]

We recently reported a Kelvin probe force microscopy

(KPFM) implementation (D-KPFM) in which the dissipation

signal of a frequency modulation atomic force microscopy

(FM-AFM) is used for dc-bias voltage feedback.1 In KPFM,

a contact potential difference (CPD) between the tip and

sample, Vcpd, is measured by finding a dc bias voltage, Vbias,

nullifying a capacitive electrostatic force, Felec, which is pro-

portional to the effective dc potential difference Vdc � ðVbias

�VcpdÞ. In order to detect Felec in the presence of other force

components such as van der Waals force and chemical bond-

ing force, Felec is usually modulated by superposing an ac

bias voltage to Vbias, and the resulting modulated component

of the measured force (or force gradient) is detected by lock-

in detection.2 While the modulated frequency shift signal is

used in the case of the conventional KPFM with FM-AFM

(FM-KPFM),3 in D-KPFM, Felec is detected through the

dissipation signal of FM-AFM, which is the amplitude of

cantilever excitation signal. The dissipation is induced by

applying a coherent sinusoidal ac voltage with the frequency

of the tip oscillation, which is 90� out of phase with respect

to the tip oscillation. The induced dissipation signal can be

used for KPFM voltage feedback loop as it is proportional to

the effective dc potential difference, Vdc.

Here, we report another D-KPFM implementation (2x
D-KPFM) where the induced dissipation is proportional to

the electrostatic force gradient, resulting in the identical

potential image contrast as is obtained by FM-KPFM. In 2x
D-KPFM, the frequency of the applied ac voltage is two

times that of tip oscillation.

The electrostatic force between two conductors con-

nected to an ac and dc voltage source, Felec, is described as

follows:4

Felec ¼
1

2

@C

@z
fVbias � Vcpd þ Vac cos xeltþ /ð Þg2

¼ afVdc þ Vac cos xeltþ /ð Þg2; (1)

where C is the tip-sample capacitance and a � 1
2
@C
@z . Vac and

xel are the amplitude, angular frequency of the ac bias volt-

age and / is the phase of the ac bias voltage with respect to

the tip oscillation. z is the position of the tip and is oscillat-

ing around its mean position from the sample, z0, expressed

as zðtÞ ¼ z0 þ A cos ðxmtÞ with xm and A being its oscilla-

tion angular frequency and amplitude, respectively. In FM-

AFM, the AFM cantilever is self-oscillated by a driving

force such as piezoacoustic or photothermal excitation5

such that the oscillation frequency, fm ¼ xm=2p, tracks its

resonance frequency with fm ¼ f0, using a positive feedback

circuit equipped with an amplitude controller.6 The fre-

quency shift, Df , and dissipation signal, g, are expressed as

follows:7–9

Df � � f 2
0

kA

ð2p=xm

0

Fts tð Þcos xmtð Þdt; (2)

g � 1

Q
þ 2f 2

0

kA

ð2p=xm

0

Fts tð Þsin xmtð Þdt; (3)

where k and Q are the spring constant and quality factor of

the cantilever. This indicates that Df and g are proportional

to the Fourier in-phase (even), Fin, and quadrature (odd),

Fquad, coefficients of the fundamental harmonic component

(in this case xm) of the oscillating tip-sample interaction

force, FtsðtÞ, respectively. This yields Df ¼ � 1
2

f0
kA Fin and

g ¼ g0ð1þ Q
kA FquadÞ, where g0 is the dissipation signal

determined by the intrinsic dissipation of the cantilever. As

we have already pointed out,1 the distance dependence of

aðzÞ � 1
2
@C
@z zÞð has to be taken into account in order to obtain

the correct forms of Fin and Fquad acting on the oscillating tip

that is subject to the coherent oscillating electrostatic force.

It is the interaction between the mechanical oscillation of the

tip and the coherent oscillating electrostatic force that leads

to the following results.10 Here, we consider the case of

xel ¼ 2xm which has previously been suggested by Nomura

et al.11 for a similar but different KPFM implementation

with dissipative electrostatic force modulation.12 By expand-

ing aðzÞ around the mean tip position, z0, and taking the first
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order term, a is expressed as aðzÞ � aðz0Þ þ a0 � ðz� z0Þ
¼ a0 þ a0A cos ðxmtÞ. Substituting this into Eq. (1) with set-

ting xel ¼ 2xm and gathering all the terms with xm compo-

nents yields the following result (detailed derivation

available in supplementary material):

Fxm
tð Þ¼a0A V2

dcþ
V2

ac

2

� �
cos xmtð ÞþVdcVac cos xmtþ/ð Þ

� �

¼a0A V2
dcþcos /ð ÞVdcVacþ

V2
ac

2

� �
cos xmtð Þ

�a0AVdcVac sin /ð Þsin xmtð Þ
¼Fin cos xmtð ÞþFquad sin xmtð Þ;

where

Fin ¼ a0A Vdc þ
Vac

2
cos /

� �2

þ a0A
2

1� cos2/
2

� �
V2

ac; (4)

Fquad ¼ �a0AVdcVac sin /: (5)

We notice that Fquad is proportional to a0 rather than a, indi-

cating Fquad is now sensitive to the electrostatic force gradi-

ent. It is interesting to notice that the apparent shift of Vcpd is

just determined by / and Vac and does not depend on a in

contrast to the previously reported D-KPFM (1xD-KPFM)

(see Eqs. (11)–(13) in Ref. 1). A key aspect of this technique

is the absence of such a shift in Fquad for any /, which is

advantageous as the accurate setting of / is not required for

accurate CPD measurements. / just affects the magnitude of

Fquad, which determines the signal-to-noise ratio of the CPD

measurements. When / ¼ 90�, we obtain

Fin ¼ a0A V2
dc þ

V2
ac

2

� �
¼ a0A Vbias � Vcpdð Þ2 þ

a0A
2

V2
ac

Fquad ¼ �a0AVdcVac ¼ �a0A Vbias � Vcpdð ÞVac:

In this case, the apparent shift of CPD in Fin vanishes, and

the slope of Fquad–Vbias curve takes its maximum value.

Notice that Fquad behaves exactly in the same way as the

lock-in demodulated frequency shift signal used in FM-

KPFM. Fquad is, however, available directly in the dissipation

signal without the lock-in demodulation, enabling the faster

KPFM feedback. When Vbias ¼ Vcpd, the dissipation signal

turns back to its original value, g0. It is therefore possible to

use the dissipation signal, g, for the KPFM bias voltage feed-

back by choosing g0 as its control setpoint value.

Figure 1 depicts the block diagram of the experimental

setup used for both 1x and 2xD-KPFM measurements. The

setup is based on the self-oscillation mode FM-AFM sys-

tem,6 and three additional components, a frequency doubler,

a phase shifter, a proportional-integrator (PI) controller, are

required for 2xD-KPFM operation. The amplitude controller

composed of a root-mean-square (RMS) amplitude detector,

and a PI controller is used to keep an oscillation amplitude

constant. The output of the amplitude controller is the dissi-

pation signal which is used for controlling Vbias. The detec-

tion bandwidth of the RMS amplitude detector is extended to

about 3 kHz. In order to produce a sinusoidal ac voltage with

two times the tip oscillation frequency, the sinusoidal deflec-

tion signal from the cantilever deflection sensor is first fed

into a frequency doubler. Then, the output of the frequency

doubler passes through the additional phase shifter (Phase

Shifter 2), which serves to adjust the phase of the ac voltage,

/. The dissipation signal acts as the input signal to the PI

controller, which adjusts Vbias to maintain a constant dissipa-

tion equal to the value without Vac applied, g0.13

We used a JEOL JSPM-5200 atomic force microscope for

the experiments with the modifications described in Ref. 1. An

open source scanning probe microscopy control software

GXSM was used for the control and data acquisition.14 A com-

mercial silicon AFM cantilever (NSC15, MikroMasch) with a

typical spring constant of about 28 N/m and resonance fre-

quency of �300 kHz was used in high-vacuum environment

with the pressure of 1� 10�7 mbar.

In order to validate Eqs. (4) and (5), Df –Vbias and g–Vbias

curves were measured while a coherent sinusoidally oscillat-

ing voltage with xel ¼ 2xm; Vac ¼ 1 V (2 Vp-p) and various

phases, /, is superposed with Vbias. Figures 2(a) and 2(b)

show simultaneously measured Df and g versus Vbias curves,

respectively. The curves are taken on a template stripped

gold surface. A fitted curve with a parabola for each of the

Df –Vbias curves (Eq. (4)) or with a linear line for each of the

g–Vbias curves (Eq. (5)) is overlaid on each experimental

curve, indicating a very good agreement between the theory

and experiments. As can be seen in Figs. 2(a) and 2(b), the

position of the parabola vertex shifts both in Vbias and Df
axes and the slope of g–Vbias curve changes systematically

FIG. 1. Block diagram of the experi-

mental setup for force-gradient sensi-

tive D-KPFM measurements.
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with the varied phase, /. For further validating the theory,

the voltage coordinate of the parabola vertex (parabola mini-

mum voltage) of each Df –Vbias curve and the slope of each

g–Vbias curve are plotted against / in Fig. 3. Each plot is

overlaid with a fitted curve (solid curve) with the cosine func-

tion (see Eq. (4)) for the parabola minimum voltage and with

the sine function (Eq. (5)) for the dissipation slope, demon-

strating an excellent agreement between the experiment and

theory. The Vbias dependence of the frequency shift coordi-

nate of the parabola vertices (frequency shift offset) also

shows a very good agreement with the theory (second term of

Eq. (4)). (The fitting result is available in supplementary

material.) The parabola minimum voltage versus phase curve

intersects that of Df –Vbias without ac bias voltage at / ¼ 121�.
The deviation from the theoretically predicted value of 90� is

due to the phase delay in the detection electronics. We also

notice that the amplitude of parabola minimum versus phase

curve is 0.472 V, which is in good agreement with 0.5 V pre-

dicted by the theory (Vac=2 in Eq. (4)).

Figure 4 shows topography and CPD images of a pat-

terned MoS2 flake exfoliated on SiO2/Si substrate taken by

(a) and (d) 1xD-KPFM, (b) and (e) 2x D-KPFM, and (c)

and (f) FM-KPFM techniques taken with the same tip,

respectively. In 1x (2x) D-KPFM imaging, a sinusoidally

oscillating voltage with xel ¼ xm (xel ¼ 2xm), Vac ¼ 50

mV (Vac ¼ 1 V), and / ¼ 22� (/ ¼ 18�) coherent with the

tip oscillation was applied to the sample. In FM-KPFM

imaging, a sinusoidally oscillating voltage with xel ¼ 300

Hz and Vac ¼ 1 V was applied to the sample. The detection

bandwidth of the lock-in was 100 Hz, which is chosen below

the bandwidth of the frequency detector (400 Hz). The scan-

ning time for all the images was 1 s/line. A stripe pattern

with 2 lm pitch was created by reactive ion etching on the

MoS2 flake. The topography images show an unetched ter-

race located between the etched regions. The height of the

unetched terrace is approximately 20 nm with respect to the

etched regions. The bands shown in the middle of the CPD

images corresponds to the unetched terrace and show a clear

fractal-like pattern, which can be ascribed to the residue of the

etch resist (PMMA). All three CPD images show apparently a

very similar pattern on the terrace. However, a close inspec-

tion of the line profile of each image shows that 2xD-KPFM

and FM-KPFM provide a very similar potential profile with

almost the same contrast while 1xD-KPFM shows a potential

contrast about two times smaller than that of 2xD-KPFM and

FM-KPFM. The close similarity between 2xD-KPFM and

FM-KPFM originates from the fact that Fquad (Eq. (5)) is pro-

portional to the force gradient as we have discussed earlier.

Slightly larger potential contrast in 2xD-KPFM compared

with FM-KPFM is due to the faster feedback response of

2xD-KPFM (the closed loop feedback bandwidth is mea-

sured to be around 1 kHz) by virtue of the absence of low fre-

quency modulation,1 which is a clear advantage of both D-

KPFM techniques over FM-KPFM. The bandwidth of FM-

KPFM is limited by the detection bandwidth of the lock-in

amplifier which is used to detect the modulated frequency

shift in the output of the frequency detector. The detection

bandwidth of the frequency detector (typically <1 kHz) limits

the frequency of the ac bias voltage which in turn limits the

lock-in bandwidth to a few hundred Hz. The lower contrast

of 1xD-KPFM is ascribed to its sensitivity to electrostatic

force rather than electrostatic force gradient, which results in

a larger spatial average due to the stray capacitance, including

the body of the tip and the cantilever.11,15–18

FIG. 2. (a) Frequency shift, Df , and (b) dissipation signal, g, versus dc bias

voltage, Vbias, curves taken with a coherent sinusoidally oscillating voltage

with xel ¼ 2xm; Vac ¼ 1 V and various /, applied to a template stripped

gold substrate. The vertical dashed line in (a) and (b) indicates Vcpd, which

is measured as the voltage coordinate of the parabola vertex without Vac.

The horizontal dashed line in (b) indicates the dissipation without Vac. In

both figures, each of dashed lines represents fitted curves assuming a parab-

ola for Df and a linear line for g as indicated in Eqs. (4) and (5), respec-

tively. The oscillation amplitude of the tip was 10 nmp-p, and the quality

factor of the cantilever was 25 000.

FIG. 3. Voltage coordinate of the vertices of the measured Df -Vbias curves

(parabola minimum) (red circles) extracted from the results in Fig. 2(a), and

the slope of dissipation-Vbias curves (blue triangles) extracted from Fig. 2(a).

Each solid line represents the fitted curve with the cosine function (Eq. (4))

for the parabola minimum and with the sine function (Eq. (5)) for the dissi-

pation slope. The horizontal dashed line indicates the voltage coordinate of

the parabola measured without the ac bias voltage.
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In spite of a lower potential contrast, 1xD-KPFM has an

advantage that it requires much smaller Vac ¼ 50 mV com-

pared with 1 V required in 2xD-KPFM and FM-KPFM. This

advantage is important for samples such as semiconductor

where the influence of the large Vac can be very important

due to the band-bending effects. As it is easy to switch

between 1x and 2xD-KPFM modes, 1xD-KPFM can be

used for qualitative measurement with less electrical distur-

bance while 2xD-KPFM can be used to obtain more accu-

rate CPD contrast on the same sample location. Another

advantage of 2xD-KPFM is that it is free from the capacitive

crosstalk to the piezoelectric element and photodiode signal

line19 as the frequency of the ac voltage itself does not match

any resonance of the cantilever.

In conclusion, we report a technique that enables force-

gradient sensitive Kelvin probe force microscopy using the

dissipation signal of FM-AFM for dc voltage feedback. It

features the simpler implementation and faster scanning as it

requires no low frequency modulation (no lock-in demodula-

tion). The dissipation is caused by the oscillating electro-

static force that is coherent with the tip oscillation, which is

induced by applying a sinusoidally oscillating ac voltage

with the frequency two times that of the tip oscillation fre-

quency. We theoretically analyzed the effect of the applied

ac voltage and show that the induced dissipation is sensitive

to electrostatic force gradient rather than electrostatic force.

The experiments confirmed the theoretical analysis and dem-

onstrated that 2xD-KPFM provides essentially the same

result obtained by FM-KPFM. The combination of 1x and

2xD-KPFM techniques will be a versatile tool to study the

samples whose electrical properties are sensitive to the exter-

nal electric field.

FIG. 4. Simultaneously taken topogra-

phy (left raw) and CPD images (right

raw) of patterned MoS2 on SiO2/Si

substrate by (a) and (d) 1xD-KPFM

(Df ¼ �10:3 Hz, A¼ 5 nmp-p, and

Vac ¼ 50 mV), (b) and (e) 2x
D-KPFM (Df ¼ �8:3 Hz, A¼ 5 nmp-p,

and Vac ¼ 1 V), and (c) and (f) FM-

KPFM (Df ¼ �7:0 Hz, A¼ 5 nmp-p,

Vac ¼ 1 V, and fac ¼ 300 Hz). Scale

bar is 1 lm. (g) Line profile of the

1xD-KPFM potential image (d). (h)

Line profile of the 2xD-KPFM (e)

(red) and FM-KPFM potential images

(f) (blue).
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See supplementary material for the derivation of Eqs.

(4) and (5), the experimental data of / dependence of the fre-

quency shift offset, and the optical micrograph of the MoS2

sample.
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