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ABSTRACT: Kelvin probe force microscopy (KPFM), a characterization
method that could image surface potentials of materials at the nanoscale, has
extensive applications in characterizing the electric and electronic properties
of metal, semiconductor, and insulator materials. However, it requires deep
understanding of the physics of the measuring process and being able to rule
out factors that may cause artifacts to obtain accurate results. In the most
commonly used dual-pass KPFM, the probe works in tapping mode to obtain
surface topography information in a ﬁrst pass before lifting to a certain height
to measure the surface potential. In this paper, we have demonstrated that the
tapping-mode topography scan pass during the typical dual-pass KPFM
measurement may trigger contact electriﬁcation between the probe and the
sample, which leads to a charged sample surface and thus can introduce a
signiﬁcant error to the surface potential measurement. Contact electriﬁcation
will happen when the probe enters into the repulsive force regime of a tip−sample interaction, and this can be detected by
the phase shift of the probe vibration. In addition, the inﬂuences of scanning parameters, sample properties, and the
probe’s attributes have also been examined, in which lower free cantilever vibration amplitude, larger adhesion between the
probe tip and the sample, and lower cantilever spring constant of the probe are less likely to trigger contact electriﬁcation.
Finally, we have put forward a guideline to rationally decouple contact electriﬁcation from the surface potential
measurement. They are decreasing the free amplitude, increasing the set-point amplitude, and using probes with a lower
spring constant.
KEYWORDS: surface potential measurement, dual-pass KPFM, contact electriﬁcation, tip−sample interactive force, phase shift change
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topographical and surface potential diﬀerence images simultaneously, while a dual-pass scan utilizes two passes to realize the
topographical and surface potential scan separately. There is the
cross-talk between topographical and surface potential images
during single-pass measurement, and it requires proper
parameter adjustment to minimize the cross-talk. In order to
not obtain the lateral resolution restricted by the cross-talk,
Stemmer et al. introduced the setup to do topography and
potential measurements sequentially by implementing the liftmode technique into a commercial AFM system.29 Until now,
the most commonly used scanning mechanism for KPFM is the
dual-pass mode,24 with general researchers restricted to
commercial dual-pass KPFM setups that cannot be altered.
Therefore, it is extremely necessary to rule out the possible

ith the advances in nanoscience and nanotechnology, atomic force microscopy (AFM) has been
developed with new applications to characterize a
variety of material properties.1−9 Among them, Kelvin probe
force microscopy (KPFM), which is based on ascertaining the
potential diﬀerence between the probe tip and the sample,10
has been utilized to quantify the work function of a
material.11−14 It is not only important for comparing electric
properties between diﬀerent materials and describing the
transport behavior of electronic devices and integrated
circuits15−18 but also powerful for probing the triboelectriﬁcation and contact electriﬁcation at the nanoscale.19−21 For
KPFM, a potential feedback loop and the corresponding DC
voltage is applied between the tip and the sample to nullify the
oscillation caused by the potential diﬀerence between the tip
and sample.22 Over the past decades, KPFM has been
developed into two basic modes, the single-pass mode23−27
and the dual-pass mode.28−30 A single-pass scan acquires
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Figure 1. Scanning process of the KPFM measurement with two groups of scan results. (a) Schematic of the two-pass KPFM measurement
with a ﬁgure legend in the inset. (b) Results of topography, surface potential, and phase shift measurements with A0 = 30 nm and Asp = 18 nm.
(c) Results of topography, surface potential, and phase measurement with A0 = 100 nm and Asp = 60 nm.

Figure 2. Two-time scanning experiment to explore the relationship between contact electriﬁcation and scanning parameters (A0 and Asp). (a)
Schematic of the two-time scanning method with a ﬁgure legend in the inset. (b−d) Surface potential distribution after the second KPFM scan
(∼16 μm2 in area) with the scanning parameters of A0 = 100, 70, and 50 nm with diﬀerent Asp in the ﬁrst scan, respectively.

way of contact electriﬁcation between the probe tip and the
sample during the tapping process, has long been ignored,
which, however, is particularly crucial for the measurement of
insulator and semiconductor materials.
In this paper, we have demonstrated the existence of contact
electriﬁcation during the surface potential measurement of
KPFM for insulator and semiconductor materials. It has been
proven that only in the condition that the probe tip enters into
the repulsive regime of the tip−sample interaction force, there
is signiﬁcant surface potential change caused by contact
electriﬁcation between the tip and the sample. Moreover,
whether the tip is in the attractive regime or repulsive regime
above the surface of the sample could be known from the
change of the phase shift (Δφ) during the tapping vibration. In
this way, we can predict whether there is contact electriﬁcation

factors and errors that may aﬀect the accuracy and reliability of
dual-pass KPFM. As shown in Figure 1a, a typical dual-pass
KPFM measurement proceeds with two passes in one scan
line.9 The ﬁrst pass is a topography scan in the tapping mode,
with the aim to determine the topography of the sample surface
and to eliminate the inaccuracy of the measurement caused by
the change of the tip−sample distance. The second pass is the
tip−sample potential diﬀerence measurement. During this pass,
the tip is raised by a certain distance above the surface.
Meanwhile, the potential feedback loop is implemented onto
the tip−sample system to realize the surface potential
measurement. In order to improve the accuracy of the
measurement, researchers have been working on the capacitive
eﬀect associated with the cantilever in the second pass.22
However, the inﬂuence of the topography scan, mainly in the
B
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Figure 3. Experiment to explore the relationship between contact electriﬁcation and the phase shift. (a−f) ΔV−Asp and Δφ−Asp curves under
the conditions of A0 = 100, 70, and 50 nm. (g) Schematic of the tip−sample interaction force of tapping scans with diﬀerent scanning
parameters (A0 and Asp).

is in the same order of magnitude as the measured surface
potential when we compare the work function of diﬀerent
materials or when we characterize the transfer properties of
electronic devices. This indicates that the topography scanning
process has posed a signiﬁcant inﬂuence on the measured
surface potential of the material. It is reasonable that, in the
tapping-mode topography scans in either one or both
experiments, there has been contact electriﬁcation between
the tip and parylene C thin ﬁlm and resulted tribocharges,
which strongly aﬀects the result of the surface potential
measurement.
We used the two-time scanning method to semiquantitatively
study the eﬀect of contact electriﬁcation on the surface
potential measurement (Figure 2a). In the ﬁrst scan, we did
the KPFM scan in a smaller region (∼4 μm2 in area) using the
parameters (A0 and Asp) that are examined as follows. In the
second time, we scanned a larger region (∼16 μm2 in area and
with the scanning region of the ﬁrst time in the middle) using
the parameters (A0 = 50 nm and Asp = 30 nm) that would not
cause contact electriﬁcation (which has been proven by the
following results). By comparing the surface potential diﬀerence
(ΔV) of the two regions, we could test whether the parameters
chosen for the ﬁrst KPFM scans would cause any contact
electriﬁcation, as well as semiquantitatively study the inﬂuence
the ﬁrst KPFM measurements have on the surface potential
measurement.19,20
We ﬁrst did the two-time scanning experiments on parylene
C thin ﬁlm (∼300 nm in thickness with a grounded copper
layer on the bottom) with a platinum-coated silicon probe
(∼82 kHz resonance frequency and 1.5 N/m spring constant).
In our experiments, three diﬀerent A0 values were set to be 100,
70, and 50 nm with several diﬀerent Asp for each A0. The results
are demonstrated in Figure 2b−d. With an A0 of 100 or 70 nm,
there is contact electriﬁcation when Asp is smaller than certain

by measuring the phase shift and decouple it from the
measurement by keeping the tip out of the repulsive regime.
We also processed the experiments with diﬀerent samples and
KPFM probes, from which the inﬂuence of adhesion between
tip and sample materials on the scanning parameters for contact
electriﬁcation, as well as that of the cantilever spring constant of
the KPFM probe, has been obtained. With these two
relationships, we have proposed practical methods to rationally
adjust the scanning parameters of the topography scan to
exclude contact electriﬁcation in surface potential measurements. Therefore, our study has developed a practical approach
for correctly measuring surface potential using KPFM, which is
essential for electrical characterization techniques of materials
and devices at the nanoscale.

RESULTS AND DISCUSSION
For the noncontact (tapping-mode) topography scan pass of
the KPFM, amplitude modulation-atomic force microscopy
(AM-AFM) was used. In the AM-AFM, the probe cantilever
was excited near its resonance frequency (f 0), with free
vibration amplitude (A0) set before the tip engaged the surface
of the sample and set-point scanning amplitude (Asp) set as a
feedback parameter to measure the topography of the sample
surface after the engagement.23−26 As shown in Figure 1b,c, we
scanned the same region (∼4 μm2 in area and shown as
topography images in Figure 1b,c) on the surface of a parylene
C thin ﬁlm (∼300 nm in thickness with a grounded copper
layer on the bottom) with a platinum-coated silicon KPFM
probe (∼82 kHz in resonance frequency and 1.5 N/m in spring
constant). The A0 values for the two experiments were 100 and
30 nm, and Asp was set to be 60% of A0. As demonstrated in the
surface potential images of Figure 1b,c, with diﬀerent
parameters of the topography scan passes, surface potential
measurement results have a diﬀerence of around 40 mV, which
C
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Figure 4. Relationships between contact electriﬁcation and phase shift of diﬀerent samples and KPFM probes. (a−c) ΔV−Asp and Δφ−Asp
curves of A0 = 300 nm on the silicon oxide sample. (d−f) ΔV−Asp and Δφ−Asp curves of A0 = 233 nm with the KPFM probe and cantilever
spring constant k = 0.3 N/m.

between Δφ and zc (Figure S2a−c). Based on these two
relationships, we present the Δφ−Asp curves of diﬀerent A0
(Figure 3b,d,f). By comparing the ΔV−Asp and Δφ−As curves
of diﬀerent Af (100, 70, and 50 nm), we explored the
relationship between contact electriﬁcation and the change of
phase shift in the tapping mode. For the experiments of A0 =
100 nm and A0 = 70 nm, there are dramatic increases of ΔV
from 0 (which means that contact electriﬁcation has had a
signiﬁcant inﬂuence on the surface potential) with Asp being
smaller than certain values (∼95 nm for the experiment of A0 =
100 and 62.5 nm for the experiment of A0 = 70 nm), and these
values correspond to the sign switch point of the Δφ in the
Δφ−Asp curves. In the case of Af = 50 nm, no contact
electriﬁcation was observed. Also, there is no decrease in the
phase shift under such circumstances. According to previous
theories of the dynamics of a vibrating KPFM probe in the
proximity of the sample,29,30 the vibrating cantilever could be
regarded as a harmonic oscillator with damping if there is no
tip−sample interaction force. The phase shift is 90° if the
driving frequency equals the resonance frequency. When the tip

values (95 nm for A0 = 100 and 62.5 nm for A0 = 70 nm). After
contact electriﬁcation, the sample was negatively charged
because of the eﬀective work function diﬀerence between
platinum and parylene C. For A0 of 50 nm, there is no contact
electriﬁcation observed. In order to quantify the contact
electriﬁcation, we present the surface potential diﬀerence
(ΔV) between the center (also the region of the ﬁrst scan)
and the edge (the rest of scanning region in the second scan)
after the second KPFM scan (Figure 3a,c,e). According to the
phase shift images in Figure 1b,c, there is an increase of the
phase shift (Δφ > 0) for the scan with A0 = 50 nm and Asp = 30
nm, as well as a decrease of the phase shift (Δφ < 0) with A0 =
70 nm and Asp = 40 nm. Therefore, there might be a
relationship between contact electriﬁcation and the change of
the phase shift (Δφ). In order to acquire the change of the
phase shift (Δφ) under diﬀerent scanning parameters (A0 and
Asp), we approached the probe tip to the surface of the sample
in the tapping mode with diﬀerent A0 values (100, 70, and 50
nm) and obtained two relationships: one was between scanning
amplitude (Asp) and tip rest position (zc) and the other one was
D
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Figure 5. Relationship between the material of the sample and the scanning parameters for contact electriﬁcation. (a) Results of surface
potential change caused by tapping scans with diﬀerent A0 (50, 100, 150, and 200 nm) on SiO2. (b) Δφ−Asp curves of diﬀerent A0 (50, 100,
150, and 200 nm) on SiO2. (c) Fts−zc curves during the engagement and withdrawal of the probe tip on SiO2 in the contact mode. (d) Results
of surface potential change caused by tapping scans with diﬀerent A0 (50, 100, 150, and 200 nm) on parylene C. (e) Δφ−Asp curves of
diﬀerent A0 (50, 100, 150, and 200 nm) on parylene C. (f) Fts−zc curves during the engagement and withdrawal of the probe tip on parylene C
in the contact mode.

70 nm), the tunneling distance between the tip and the sample
should be around the intermolecular distance, where the longrange attractive force equals the short-range repulsive force.
In order to use the relationship between ΔV and Δφ to
predict contact electriﬁcation in the tapping process, we have to
conﬁrm its feasibility among diﬀerent KPFM probes and
samples. Therefore, we also did experiments on silicon dioxide
(SiO2) samples (∼300 nm in thickness) and experiments using
the KPFM probe with a lower cantilever spring constant (k =
0.3 N/m) (Figure 4). For the experiment on SiO2, we set the
A0 as 300 nm with diﬀerent Asp. From the ΔV−Asp relationship
(Figure 4a,b), there is contact electriﬁcation when Asp is below
155 nm. By comparing this with the Δφ−Asp relationship
(Figure 4c), we could see that this is also the transition value
between Δφ > 0 and Δφ < 0. In addition, the highest ﬁlled
surface energy state of SiO2 (sample) is above the Fermi level
of platinum (tip). Therefore, electrons will transfer from the
sample to the tip, leaving the contacted region in the ﬁrst
KPFM scan positively charged, which is in contrast with the
results on parylene C.20 The experimental results using the
KPFM probe with lower cantilever spring constant are shown
in Figure 4d−f. The Af used in the experiment was 220 nm.
The boundary Asp (∼155 nm) for contact electriﬁcation was

has a net attractive force, it is in the attractive regime, and there
is an increase of the phase shift (Δφ > 0). In contrast, if it has
net repulsive force, it will be in the repulsive force regime, and
there will be a decrease from the original phase shift (Δφ < 0).
Therefore, the sign of Δφ could be regarded as the symbol of
the net tip−sample interaction force for each vibration cycle.
According to this theory, the diﬀerence of contact electriﬁcation
in the experiments with diﬀerent A0 (100, 70, and 50 nm) could
be explained by the change of the tip−sample distance and the
corresponding tunneling process. If the tip is in the attractive
regime (A0 = 50 nm), there is no electron transfer between the
tip and sample through tunneling. By increasing the free
amplitudes (A0 = 70 and 100 nm), the probe cantilever can
vibrate with more energy. In this way, it could overcome the
repulsive force and enter the repulsive regime with certain Asp,
with the tip getting closer to the surface of the sample in its
lowest position (as shown in Figure 3d,e). Because this tip−
sample distance could result in tunneling, contact electriﬁcation
is observed in scanning experiments with A0 = 100 and 70 nm
(Figure 3g). Moreover, knowing that the Asp for the transition
between the attractive regime and the repulsive force regime is
exactly the same value for the drastic increase of ΔV from 0
(∼95 nm for the experiment of A0 = 100 and 62.5 nm for A0 =
E
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Figure 6. Relationship between the KPFM probe and the scanning parameters for contact electriﬁcation. (a,b) Results of surface potential
change caused by tapping scans with diﬀerent A0 (30, 50, 70, and 100 nm) and the Δφ−Asp curves of diﬀerent A0 (30, 50, 70, and 100 nm)
using the KPFM probe with a spring constant of k = 16 N/m. (c,d) Results of surface potential change caused by tapping scans with diﬀerent
A0 (30, 50, 70, and 100 nm) and the Δφ−Asp curves of diﬀerent A0 (30, 50, 70, and 100 nm) using the KPFM probe with a spring constant of
k = 1.5 N/m. (e,f) Results of surface potential change caused by tapping scans with diﬀerent A0 (30, 50, 70, and 100 nm) and the Δφ−Asp
curves of diﬀerent A0 (30, 50, 70, and 100 nm) using the KPFM probe with a spring constant of k = 0.3 N/m.

also the boundary for the sign change of Δφ. One more thing
worth noting is that, unlike the smooth transition in previous
Δφ−Asp curves, there is the step-like transition in the Δφ−Asp
curve. That is because of the low spring constant of the probe
cantilever, which is in accordance with previous works.31−35
From the results of scanning experiments using diﬀerent KPFM
probes and samples, we can see that it is precise for us to
predict whether there is contact electriﬁcation during the
surface potential measurement by the change of the phase shift.
We also compared the experimental results of diﬀerent Af
(50, 100, 150, and 200 nm) on diﬀerent samples (SiO2 and
parylene C) (Figure 5). For all experiments, Asp values were set
to be 60% of A0. For both materials, with the increase of A0, the
vibration energy of the cantilever gets larger. In this way, even if
the ratio between Asp and A0 remains unchanged, the vibrating
tip with a larger A0 will have a larger decrease of phase shift,
with a smaller tip−sample distance in the lowest position above
the surface during the vibration. From the scanning experiment
on SiO2, we can see that there is no contact electriﬁcation until
A0 is increased to 150 nm (Figure 5a). Accordingly, there are
only increases of phase shift in the curves for A0 = 50 nm and
A0 = 100 nm, and decreases appear when A0 reaches 150 and
200 nm (Figure 5b). In contrast, when it comes to the parylene
C sample, the decrease of phase shift (Δφ < 0) is ﬁrst observed
at smaller A0 (A0 = 100 nm) (Figure 5d), with the results of
scanning experiments to prove that contact electriﬁcation can
be observed in the conditions of A0 = 100, 150, and 200 nm
(Figure 5e). This distinction between diﬀerent samples can be
explained by the adhesion force between the tip and the
sample. By comparing the relationships between the tip−
sample interaction force (Fts) and the z-axis position of the
probe tip for diﬀerent materials in the contact mode, the
distinction in adhesion force of diﬀerent materials could be

demonstrated (Figure 5c,f). While the KPFM probe tip is
approaching the surface of the sample, there will be the “jumpto-contact” in the force curve because the gradient of the tip−
sample force is larger than the elastic constant of the cantilever.
Similarly, there will be the “jump-oﬀ-contact” during the
withdrawal of the probe tip because the cantilever elastic
constant is greater than the gradient of tip−sample adhesive
forces (Fadh). In general, the jump-oﬀ-contact distance is always
greater than the jump-to-contact distance, so that the
engagement trace and withdrawal trace do not coincide with
each other, and there is a hysteresis loop.36,37 For the same
KPFM probe, a larger area of the hysteresis loop is caused by
larger adhesion force (Fadh) and more work by the adhesion
force (Wadh). In this way, by comparing the area of the
hysteresis loops of SiO2 and parylene C, we could see the
diﬀerence in adhesion force of these two materials with same
KPFM probe, that is, Fadh(SiO2) > Fadh(parylene C). Therefore,
it requires a larger free amplitude (A0) for the probe tip to
overcome adhesion force to enter into the repulsive regime on
the SiO2 sample.
Next, we present the eﬀect of the KPFM probe on scanning
parameters for contact electriﬁcation. In this section, we use
three kinds of KPFM probes with diﬀerent cantilever spring
constants (k = 0.3, 1.5, and 16 N/m). We did the scanning
experiments with four diﬀerent Af values (30, 50, 70, and 100
nm), and the Asp values were set to be 60% of A0. For the
experiments of the KPFM probe with stiﬀest cantilever (k = 16
N/m), contact electriﬁcation was observed in the scans with all
A0 (Figure 6a), with Δφ < 0 in the Δφ−Asp curves for all A0
(Figure 6b). When we decreased the cantilever spring constant
of the KPFM probe (k = 1.5 N/m), contact electriﬁcation was
not observed until A0 = 70 nm (Figure 6c). In accordance, we
can have Δφ < 0 only in Δφ < Asp curves under the conditions
F
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METHODS

of A0 = 70 and 100 nm (Figure 6d). Continued decrease of the
cantilever spring constant will further delay the contact
electriﬁcation. For the KPFM probe with a cantilever spring
constant of k = 0.3 N/m, only in the condition of Af = 100 nm
is there contact electriﬁcation (Figure 6e) and a decrease of Δφ
in the Δφ−As curve (Figure 6f). The mechanism about how
the cantilever spring constant of the probe aﬀects contact
electriﬁcation process lies in the elastic deformation of the
cantilever. Suﬀering the interaction force when approaching the
surface of the sample, a more compliant probe cantilever will
have a larger elastic deformation, making it harder for the tip to
enter the repulsive force regime for contact electriﬁcation.
Finally, we will discuss the methods to rationally exclude
contact electriﬁcation from surface potential measurement for
dual-pass KPFM. If there is already contact electriﬁcation
during the measurement using KPFM, three practical methods
can be utilized to eliminate the eﬀect of contact electriﬁcation.
The ﬁrst one is to decease free amplitude (A0). It has been
proven that by vibrating with a small A0, the probe tip may not
enter into the repulsive region to have contact electriﬁcation.
However, too small of a vibration amplitude may cause low
scanning stability. Therefore, the decrease of A0 should be
within a rational range. The second one is to increase the setpoint amplitude (Asp) based on the Δφ−Asp curve of certain A0.
Based on the Δφ−Asp curve, we can adjust Asp to make sure
that the tip will not enter the repulsive regime. One possible
concern with this method is that when Asp is close to A0, the
topography scanning may also be unstable, which will largely
aﬀect the accuracy of the measurement. Under such circumstances, the choice of Asp will be restricted to a narrow range. In
this way, the adjustment could be regarded as supplementary to
the change of Af when there is not enough room for the
modulation of Af. The third one is to replace the KPFM probe
with one that has a smaller cantilever spring constant. Actually,
the above methods do not contradict each other to exclude
contact electriﬁcation without aﬀecting the accuracy of the
measurement.

Equipment and Materials. The AFM system we used in this
study was MFP-3D, manufactured by Asylum Research. The parylene
C sample in the experiment was prepared by the deposition of a
parylene C layer on the copper-coated silicon wafer using the SCS
Labcoater PDS 2010. The thickness of the parylene C layer was
controlled by the weight of the parylene C source and measured by
SEM (SU8010 from Hitachi High-Tech) after deposition. The SiO2
sample in the experiment was a commercial silicon wafer with wet
thermal oxide by University Wafer, and the thickness of the oxide layer
was measured by SEM (SU8010 from Hitachi High-Tech). The
KPFM probes with a cantilever spring constant of 0.3, 1.5, and 16 N/
m were PPP-CONTSCPt from Nanosensors, AC240TM-R3 from
Olympus, and SSE_NCHR_13 from Nanotools.
Environmental and Experimental Parameters. The temperature was around 26.5 °C, and the relative humidity was 47% during
the experiment. In the KPFM measurement of the probe with k = 0.3
N/m, the AC voltages were 78.11, 130.59, 181.49, and 256.86 mV for
A0 of 30, 50, 70, and 100 nm. For the probe with k = 1.5 N/m, those
voltages are 24.24, 40.19, 56.26, and 80.07 mV. When it comes to the
probe with k = 16 N/m, they are 15.87, 26.69, 37, and 54.21 mV.
Between the two passes, the lift height of the probe tip was 50 nm.
Two-Time Experiment. In the ﬁrst time, we scanned a 4 μm2
region with the free amplitude (A0) and set-point amplitude (Asp) to
examine 64 lines, and the scan rate was set to 0.5 Hz. The second time
we scanned a 16 μm2 region, with the scanning region used for the ﬁrst
time in the center, and the free amplitude (A0) and scanning amplitude
(Asp) were set to 50 and 30 nm. We scanned for 64 lines with the scan
rate of 0.5 Hz. We used the average value of the surface potential from
a 4 μm2 region as the result of the KPFM measurement.
Δφ−Asp Curves with Diﬀerent A0 in the Tapping Mode.
These curves were obtained by the “single force” application of the
MFP-3D AFM system in the tapping mode. The trigger points were
set to be 40% of the free amplitudes. During the engagement and
withdrawal of the probe tip, two channels were used to record the
vibration amplitude and phase shift of the cantilever vibration with the
tip rest position changing.
Fts−zc Curves during the Engagement and Withdrawal of
the Tip in the Contact Mode. These curves were obtained by the
“single force” application of the MFP-3D AFM system in the contact
mode. The maximum contact force between the tip and sample was 75
nN.

CONCLUSIONS
In this paper, we have proven the existence of contact
electriﬁcation in the surface potential measurement of dualpass KPFM for semiconductors and insulators, and some
practical methods are demonstrated to rationally exclude it in
the measurements. First, with the scan results using diﬀerent
parameters (A0 and Asp), we have demonstrated that contact
electriﬁcation during the tapping topography scan would
change the measured surface potential. Second, we have proven
(with two-scan experiments of diﬀerent probes and samples)
that when the tip−sample distance is smaller than a certain
value, there will be a signiﬁcant surface potential change caused
by contact electriﬁcation. This value can be around the sign
switch point of the change of phase shift during the tapping
vibration. Third, for diﬀerent samples and probes, the scanning
parameters that could cause contact electriﬁcation are not the
same. When it comes to the sample that has a larger adhesion
with the sample and probe with smaller cantilever spring
constant, larger free amplitude is necessary for the probe tip to
come into the repulsive region in order to have contact
electriﬁcation. Finally, three practical ways to decouple contact
electriﬁcation from the surface potential measurement of
KPFM are proposed: decreasing the free amplitude, increasing
the scanning amplitude, and replacing the KPFM probe into
the one with a smaller cantilever spring constant.
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