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Detection and mechanistic investigation of out-of-plane surface potential variations induced by strain gradients in
two-dimensional materials remain a bottleneck for understanding local electromechanical coupling at the nanoscale. Here,
we develop a quantitative multifrequency electrostatic force microscopy (MF-EFM) method which, by establishing a quan-
titative relationship between the response of the probe in the second mode and the sample surface potential, enables precise
measurement of the electrical properties in wrinkled regions of MoS, films. We find that the potential distribution in these
regions is consistent with estimates based on the flexoelectric effect induced by strain gradients, both being on the order of
a few millivolts. This study directly demonstrates the modulation of local electronic properties in transition metal dichalco-
genides by strain gradients and confirms the potential of MF-EFM, owing to its superior spatial resolution, for electrical

characterization of advanced materials.
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1. Introduction

Two-dimensional (2D) semiconductors, such as h-BN, !
transition metal dichalcogenides (TMDs),!>*! hold the po-
tential to overcome the inherent limitations of conventional
semiconductors such as drain-induced barrier lowering, mo-
bility degradation caused by interface scattering, and the re-
stricted current on/off ratio determined by the semiconduc-
tor bandgap. These unique advantages have sparked exten-
sive research in this field.>~7! 2D materials have superior elec-
tronic properties!®~'3! and mechanically flexible nature.[!4-16]
Molybdenum disulfide (MoS;) is the most common wide-
bandgap semiconductor material. Wu et al. first observed
piezoelectricity of monolayer MoS,, revealing that only intrin-
sic in-plane piezoelectricity exists in these 2D materials and
the piezoelectric effect is confined in odd-layers of TMDs. 7]
Mao et al. transferred bilayer MoS; onto a nanocone-patterned
substrate and observed the emergence of unexpected vertical

(18] Jie Jiang’s team reported an ex-

ferroelectricity in MoS,.
perimental demonstration of the flexo-photovoltaic effect in
MoS; by using a strain-gradient engineering approach, unveil-
ing the fundamental relation between the flexo-photovoltaic
effect and a strain gradient in low-dimensional materials.!'*!
Sabir Hussain et al. investigated strain-induced hierarchical
ripple nanostructures in triangular MoS, flakes, proving that
the mechanical, electronic, and optical spectra characteristics
of MoS, were significantly modified due to the suffering from

large tensile strain. [2]
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The practical implementation of 2D materials critically
depends on their electrical characteristics. Nanoscale charac-
terization of these properties is therefore imperative. How-
ever, the aforementioned studies focused on measuring the
nanoscale piezoelectric and resistive switching behaviors of
2D materials using piezoresponse force microscopy (PFM)
and conductive atomic force microscopy (C-AFM), while
overlooking the characterization of the surface potential of the
samples. KPFM is a commonly used technique for charac-
terizing the surface potential of a sample. However, because it
relies on working through a DC bias closed-loop feedback, the
applied external electric field may interfere with the sample’s
original charge state, making it difficult to obtain the true in-
trinsic electrical properties.?! Electrostatic force microscopy
(EFM), which evolved from atomic force microscopy (AFM),
emerges as a powerful scanning probe technique capable of
detecting localized potential variations with nanoscale spatial
resolution and provides a vast and valuable contribution to un-
derstanding and engineering increasingly complex nanoscale

5.22-251 By monitoring phase/amplitude

materials and device
changes in long-range electrostatic forces between the probe
and sample surface, EFM enables analysis of charge injection,
transport, trapping, and interfacial electrical double-layer evo-
lution. This technique holds significant promise for investigat-
ing edge-state effects, defect-mediated charge trapping, and
surface potential inhomogeneity in 2D material systems.[26-2%]
Conventional lift mode EFM operates based on a two-

pass scanning principle. In the first scan, the sample’s topog-
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raphy is measured. Subsequently, the probe is raised to a cer-
tain height along the first scan, and a DC bias is applied to
the probe during the second pass to acquire the sample’s sur-

n.[3031 To achieve higher resolution

face electrical informatio
and enhanced sensitivity, AFM imaging has been increasingly
explored using higher harmonic detection, alternative flexu-
ral and torsional cantilever modes. 3! Stark ef al. achieved
parallel characterization of surface topography and charge pat-
terns by operating AFM in amplitude modulation mode while
applying a modulated bias voltage to excite a higher flexural
eigenmode, known as multifrequency electrostatic force mi-
croscopy (MF-EFM).[3334] Jose R. Lozano and Ricardo Gar-
cia developed a theory for multifrequency AFM, demonstrat-
ing enhanced sensitivity and material contrast through bimodal
excitation, [33-36]

In this work, we derived the relationship between the
second mode amplitude of the MF-EFM mode and the sur-
face potential of the sample, enabling the quantitative mea-
surement of the sample surface potential using an open-loop
method. This method successfully detected the weak po-
tential fluctuations induced by the strain gradient in MoS,,
with the measured values aligning with theoretical estimates
based on flexoelectricity. This work experimentally links
strain gradients to local potential variations in TMDs, pro-
viding a solid experimental foundation for understanding and
ultimately utilizing strain engineering to tune the electronic
properties of two-dimensional materials. Compared to con-
ventional lift mode EFM, MF-EFM effectively reduces to-
pographic crosstalk while simultaneously enhancing the res-
olution of both topographic and electrostatic force signals.
By using probes with higher resonance frequencies, we fur-
ther achieved superior resolution, highlighting the significant
potential of this technique in the characterization of low-
dimensional materials.

2. Results and discussion

The working principle of MF-EFM involves simultane-
ously exciting or detecting multiple frequencies. Figure 1 il-
lustrates the schematic diagram of the MF-EFM system, which
consists of a commercial AFM (XE-100, Park Systems) and a
lock-in amplifier (Zurich Instruments HF2LI). Lock-in 1 and
Lock-in 2 denote the internal lock-in amplifier of the AFM
and the external lock-in amplifier, respectively. The AFM op-
erates in amplitude modulation mode, where the built-in lock-
in amplifier (Lock-in 1) excites the piezoelectric actuator to
drive the cantilever at its first flexural resonance mode for to-
pographic imaging. Meanwhile, the external lock-in ampli-
fier (Lock-in 2) outputs a sinusoidal AC voltage applied to
the conductive probe to excite electrostatic interactions near
the second flexural resonance mode for electrical imaging. In

MF-EFM, different flexural resonance modes of the AFM can-
tilever are employed to separately detect topographic and elec-
trostatic information. The first flexural resonance mode (f7) is
used for conventional amplitude-modulation imaging to obtain
surface topography, while the second flexural resonance mode
(f2) is selectively excited by the applied AC voltage to enhance
sensitivity to electrostatic forces. By detecting the cantilever
response at f>, MF-EFM effectively decouples electrostatic
signals from topographic interactions, thereby suppressing to-
pographic crosstalk and enabling high-resolution detection of
weak surface potential variations. The electrostatic force be-
tween the tip and the sample is

1dC .
F()=545 [Us — Uncsin (@1)]?, (1
where dC/dD is the capacitance gradient between the tip and
the sample, U is the surface potential of the sample, and
Uacsin (o) is the AC modulation excitation. The equation of
motion of the cantilever under the action of electrostatic force

and mechanical excitation is

Zi Zi F (¢ Foi (2
Gy S ei(t) | Fni(t)
w7 @0, ki

@)

where i represents the mode order of the cantilever, Fg; is the
electrostatic force component of the i-th mode, Fy,; is the me-
chanical force component of the i-th mode, and z;, w;, Q;, and
k; are the amplitude, frequency, quality factor, and stiffness of
the cantilever’s i-th mode, respectively. By deriving Eq. (2),
the amplitude of the second mode of the probe during stable
vibration can be obtained as

UsUac. 3

Here, R is the probe radius, and z, is the initial probe lift
height.
tude is proportional to the surface potential of the sample. As

Equation (3) indicates that the electrostatic ampli-

shown in supplementary Fig. S1, the experiment verified the
derived amplitude—voltage relationship. Under low excitation
voltage, the amplitude and phase of the probe are nearly pro-
portional. And the probe is calibrated based on this relation-
ship. The fitted curve obtained from Fig. S1 is

A. =683.3U; —16.85, “)

where A, is the electrostatic amplitude demodulated by the
lock-in amplifier at the second-mode frequency. When mea-
suring the standard sample, the probe signal was attenuated
by a factor of 20 before being fed into the lock-in amplifier.
After demodulation by the lock-in amplifier, the signal was
amplified 400x and sent to the auxiliary input of the AFM for
imaging. When characterizing 2D material samples, because
the signal was weaker, the 20x attenuator was not used. In-
stead, the signal was fed directly into the lock-in amplifier for
demodulation. After demodulation, the signal was amplified
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100 and sent to the AFM auxiliary input for imaging. There-
fore, the amplitude—potential relationship is

Ae =3416.5U; — 84.25. (5)

All subsequent electrostatic amplitude images have been con-
verted into the measured sample surface potential.

The MoS; films grown on the SiO,/Si substrate are se-
lected to demonstrate the high spatial resolution characteriza-
tion capability of MF-EFM. Detailed growth conditions can be

found in Fig. S2.
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Fig. 1. Scheme of the MF-EFM.
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Lift mode

MF-EFM mode

Fig. 2. (a)—(c) Topographic, EFM amplitude and phase images of MoS, obtained by lift mode EFM. (d)—(f) Topographic, EFM amplitude and
phase images of MoS, obtained by MF-EFM. All measurements were performed using a cantilever with flexural resonances f; = 71.4 kHz and

f>» =457.5 kHz. The scan area is 20 wm x 20 pum.

The first-order (f1) and second-order (f>) free resonance
frequencies of the probe cantilever in air are approximately
71.4 kHz and 457.5 kHz, respectively. The topography, elec-
trostatic amplitude, and phase images of a multilayer-stacked
MoS,; sample obtained using the conventional lift mode EFM
where the tip—sample distance is about 30 nm, and the tip
bias are 3 V are shown in Figs. 2(a)-2(c). The correspond-
ing MF-EFM images acquired over the same area are shown
in Figs. 2(d)-2(f), with an AC voltage (V,c) of 1 V at457.5 kHz
applied between the conductive tip and the sample during
scanning. Compared with the conventional lift mode method,
imaging by the MF-EFM method preserves mostly consistent
physical characteristics, but superior details and sharper edges.
As shown in Fig. 2(a), the sample exhibits a certain degree of
tilt along the slow scan direction. Although the conventional
lift mode EFM claims to eliminate the influence of van der
Waals forces by recording the topography during the first scan
and lifting the probe along the recorded curves during the sec-
ond scan, this approach imposes high demands on the scan-
ning control system. Figures 2(b) and 2(c) clearly illustrate
that the electrostatic amplitude and phase are affected by the
topographical tilt, and that significant tilt can obscure subtle
electrical variations on the sample surface. In conventional
EFM mode, it is difficult to eliminate the influence of topog-

raphy, whereas the electrical signals in MF-EFM mode are al-
most unaffected by topography. No tilting similar to that ob-
served in the topography is present in the amplitude and phase
images, as shown in Figs. 2(e) and 2(f). The region within the
purple square in Fig. 2(d) is selected for testing, and the results
are shown in Fig. 3. A closer examination of the zoomed-in
images reveals distinct striped wrinkles in Figs. 3(a) and 3(d).
Meanwhile, the corresponding electrostatic signals measured
using the MF-EFM mode in Figs. 3(e) and 3(f) show clear
amplitude variations. However, no such electrical signals are
observed in the regions shown in Figs. 3(b) and 3(c), mea-
sured using lift mode EFM. Figures 3(e) and 3(f) show the data
curves at the white lines in the topography and EFM amplitude
images for lift mode and MF-EFM modes, respectively.

From the data, it is evident that the wrinkle height ranges
from 1 nm to 4 nm, with a half-width between 100 nm and
200 nm. The topography and electrostatic amplitude images
in the MF-EFM mode are closely related but exhibit opposite
trends. In contrast, the lift mode did not detect any potential
fluctuations. This phenomenon suggests that the weak poten-
tial fluctuations detected by MF-EFM may originate from the
flexoelectric field generated by the bending of MoS,. The in-
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version symmetry can be broken by a strain gradient!!"]

Mo = a(;’—x"; (©6)
Here, u,,, is the strain tensor, and x; is the spatial coordinate.
In the absence of an external electric field, the polarization F;
induced by the strain gradient 7;,,, corresponds to the flexo-
electric effect, which is governed by the flexoelectric coeffi-
cient

P,

anlmn .
Here, W, is a fourth-order tensor, and the flexoelectric effect

(M

Hitmn =

is symmetrically allowed in any material. We assume that the
wrinkle stripe has a height of 4 nm and a half-width of 190 nm,
and the shape of the wrinkle is parabolic: z(x) = 1kx?. Ac-
cording to formula (6), the strain gradient 1), at the ver-
tex is 2.22 x 107* nm~!. Assuming the out-of-plane flex-
oelectric coefficient L, of MoS, is 0.4758 nC/m,7! ac-
cording to formula (7), the polarization P; is approximately

1.06 x 10~* C/m?. We used a simplified capacitor-like model
to estimate the flexoelectric-induced potential, which does not
account for full dielectric screening effects. The potential dif-
ference is estimated using the following expression:

_hd

AV = .
&é&r

®)
Here, d is an effective screening (charge-separation) length
that characterizes the out-of-plane separation between flexo-
electrically induced bound charges, & is the vacuum permit-
tivity, and & is the relative dielectric constant of the medium
between the sample surface and the AFM tip. In this estima-
tion, & = 1 is adopted to approximate the air environment,
thus providing an upper-bound estimate without full dielec-
tric screening. For monolayer MoS,, d is taken as 0.32 nm,
corresponding to the intrinsic thickness of a single S—-Mo-S

r 38

trilayer.38! Using &y = 8.85 x 17!2 F/m, the estimated surface

potential is approximately 3.83 mV.
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Fig. 3. (a)-(c) Topography, lift mode EFM electrostatic amplitude image, and the corresponding line profiles extracted along the white lines for
wrinkled MoS,. (d)—(f) Corresponding topography, MF-EFM electrostatic amplitude image, and line profiles acquired from the same region. All
measurements were performed with a cantilever operated at the first and second flexural resonance modes, f; = 71.4 kHz and f, = 457.5 kHz.
The scanned area corresponds to the 6 pm x 6 pm purple square marked in Fig. 2(d).

We established the relationship between electrostatic am-
plitude and surface potential, converting the measured am-
plitude into the surface potential of the sample. As shown
in Fig. 3(f), the measured surface potential fluctuations are
within the ~ 10 mV range. In contrast, MF-EFM measure-
ments performed in flat, wrinkle-free regions exhibit negli-
gible surface potential contrast (see supplementary Fig. S3),
indicating that the observed potential variations are strongly
correlated with local strain gradients rather than extrinsic ef-

fects such as surface contamination or contact potential dif-
ferences. The experimentally observed surface potential fluc-
tuations are of the same order of magnitude as the estimated
flexoelectric-induced potential (~ 3.83 mV) obtained from the
simplified model. The remaining discrepancy may arise from
variations in wrinkle geometry, local dielectric screening, and
tip—sample coupling. Similar strain-gradient-induced flexo-
electric polarization in monolayer MoS, has been theoreti-
cally reported, where the induced polarization is shown to

080704-4
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scale with local strain gradients rather than uniform strain or
piezoelectric contributions. 3! These results support the attri-
bution of the observed surface potential variations in MoS;
thin films primarily to strain-gradient-induced flexoelectric ef-

fects. MF-EFM thus demonstrates its capability for investi-
gating the physical mechanisms by which strain gradients reg-
ulate local electronic properties in transition metal dichalco-
genides.

Lift mode

MF-EFM mode

Fig. 4. (a)—(c) Topography, lift mode EFM electrostatic amplitude, and phase images of wrinkled MoS;. (d)—(f) Corresponding topography, MF-
EFM electrostatic amplitude, and phase images acquired from the same region. All measurements were performed with a cantilever operated at
the first and second flexural resonance modes, f; = 108.3 kHz and f, = 682.8 kHz. The scan area is 20 pm x 20 pm.
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Fig. 5. Topography and electrostatic amplitude profiles taken at nearly identical positions along the black lines in Figs. 2 and 4.

(a) 71 kHz and (b) 108 kHz.

To further improve the resolution, we used a probe with
a higher frequency to test the MoS, film. The cantilever with
the flexural resonances f; = 108.3 kHz, f, = 682.8 kHz is em-
ployed. Both lift mode EFM and MF-EFM were performed
at the same location, and the results are shown in Fig. 4.
Figures 4(a)—4(c) present the topographic, electrostatic am-
plitude, and phase images obtained via conventional EFM,
while Figs. 4(d)—4(f) display corresponding results from MF-
EFM. All images undergo first-order flattening processing to
eliminate vertical tilt artifacts. Compared with the 71 kHz
probe, both EFM and MF-EFM modes deliver sharper topo-
graphic images, resolving stripe-like wrinkles around trian-

gular multilayer structures without requiring enlarged scans,

as shown in Figs. 4(a) and 4(d). Interestingly, in Figs. 4(b)—
4(c), the conventional lift mode EFM exhibits degraded elec-
trostatic signals compared to test results with lower flexural
resonance cantilevers. The EFM amplitude images display
minimal potential fluctuations, with only a subtle contrast ob-
served in the phase. In stark contrast, MF-EFM achieved ex-
ceptional resolution. This phenomenon can be explained by
the fact that although higher test frequencies intrinsically im-
prove spatial resolution, the higher spring constant (increased
stiffness) of probes in conventional lift mode EFM diminishes
their sensitivity to weak electrostatic forces. Conversely, MF-
EFM eliminates the lift mode constraint, allowing stronger

electrostatic interactions to effectively probe surface potentials
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while retaining high-frequency advantages. These observa-
tions demonstrate that conventional EFM suffers from funda-
mental limitations in reconciling resolution enhancement with
force sensitivity, whereas MF-EFM circumvents this trade-off.
The ability of MF-EFM to leverage high-frequency probes for
resolution improvement holds particular significance for semi-
conductor characterization.

We extracted the data curves from the black lines at nearly
identical positions in the topography and electrostatic ampli-
tude measured under the MF-EFM mode in Figs. 2 and 4.
The results are presented in Fig. 5. At the same scan speed,
the high-frequency probe vibrates more stably, resulting in
smoother topography curves, while the electrostatic curves
have higher resolution, demonstrating a strong ability to char-
acterize local electric potential.

3. Conclusion

Starting from the equation of motion of the probe, we de-
rived the relationship between the probe’s second mode and
the surface potential of the sample, converting the electrostatic
amplitude into the measured surface potential. Using this
method, we quantitatively studied the electrical characteristics
of the wrinkle region on the MoS; surface. The measured po-
tential distribution is of the same order of magnitude, revealing
the physical mechanism of strain gradient regulation of local
electronic properties in transition metal dichalcogenides. By
using a higher-frequency probe, we further improved the res-
olution of potential measurements, demonstrating the poten-
tial of quantitative MF-EFM in characterizing local electronic
properties of advanced materials.
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