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ABSTRACT
We demonstrate that under ambient and humidity-controlled conditions, operation of bimodal excitation single-scan electric force
microscopy with no electrical feedback loop increases the spatial resolution of surface electrical property measurements down to the 5 nm
limit. This technical improvement is featured on epitaxial graphene layers on SiC, which is used as a model sample. The experimental
conditions developed to achieve such resolution are discussed and linked to the stable imaging achieved using the proposed method. The
application of the herein reported method is achieved without the need to apply DC bias voltages, which benefits specimens that are highly
sensitive to polarization. Besides, it allows the simultaneous parallel acquisition of surface electrical properties (such as contact potential dif-
ference) at the same scanning rate as in amplitude modulation atomic force microscopy (AFM) topography measurements. This makes it
attractive for applications in high scanning speed AFM experiments in various fields for material screening and metrology of semiconductor
systems.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038335

I. INTRODUCTION

A new paradigm in nano-scale device fabrication has been
introduced with the first isolation of graphene in 2004.1,2 Two-
dimensional crystals have become the building blocks of novel
nanostructures for a virtually unlimited spectrum of technologi-
cal applications.3–5 The nano-characterization and nano-metrology
by atomic force microscopy (AFM) of this new class of materials
require ultra-high-resolution methods and ultra-fast imaging tech-
niques. A strong focus is made on measuring the electrical and
electrostatic properties of surfaces at the nanoscale as they consti-
tute one of the fundamental functionalities of most nano-fabricated
structures.

In an AFM setup, electrostatic forces would build between the
probe and the sample surface whenever an electric field is present

between them, which could stem from different origins such as work
function differences, surface potential variations, and the presence of
charges or dipoles. Interplay between van der Walls and electrostatic
forces is highly dependent on the separation distance between the
AFM tip and the sample surface.6–8 It is well known that the spatial
resolution of electrical AFM measurements is strongly dependent on
the capacitive contributions of the geometrical parts of the probe.
These include the contribution of the spherical tip apex, a trunked
cone, and the cantilever.6,9,10 Since these parts have largely differ-
ent dimensions, they form parallel capacitances with the sample
surface, having different weights depending directly on the corre-
sponding separation distances.11,12 Additionally, the capacitive con-
tributions of the probe’s geometry are strongly altered by the nature
of the electrical signal probed. Studies showed that probing the
electrical force in a closed-loop scheme [corresponding modes are
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identified as amplitude modulation (AM) methods] exhibits a
stronger contribution from the very large cantilever and cone com-
pared to the spherical tip apex. This leads to a large averaging of the
probed signal resulting in low spatial resolutions.12,13 It also reduces
the accuracy of the electric measurements, more specifically the con-
tact potential difference (CPD) measured in the so-called Kelvin
probe force microscopy (KPFM) method. However, when the gradi-
ent of the electric force is measured [corresponding modes are iden-
tified as frequency modulation (FM) methods], the contributions
of the cantilever and cone are reduced, which improves the accu-
racy of the measured contact potential difference and enhances the
spatial resolution.13–16 Several works argue that the measurements
in FM KPFM tend to provide quantifiable values of the contact
potential difference compared to other techniques.15,17 Nevertheless,
AM KPFM modes are usually easier to implement and use on most
commercially available AFM systems.

II. THEORY
In fact, the KPFM method probes the changes in electrostatic

forces between the tip and the sample, which allows for the mea-
surement of local variations in the work function difference between
the tip and the sample. Since the work function is an extreme sur-
face dependent property, KPFM has demonstrated its advantageous
use in a wide spectrum of applications in semiconductors,18–21 cor-
rosions,22,23 2D materials and thin films,24–28 polymers,29–31 and
biological studies.32

The KPFM method is commonly applied in conjunction
with topography measurement in AFM with or without simul-
taneous additional methods such as nano-mechanical mapping.33

The AFM tip is, therefore, prone to a multitude of interaction
fields with the sample, highly dependent on their mutual separa-
tion distance. In the absence of magnetic fields, the most promi-
nent long-range interactions taking place between the tip and the
sample in AFM are van der Waals and electrostatic forces. The
distance dependencies of these two interactions between the tip
and the sample in AFM have been extensively studied in the
literature.9,10

To specifically probe the electrostatic interaction, external bias
voltages are applied between the tip and the sample, which act
as a small capacitor system with a rather complicated geometry.
The electrostatic potential energy of the tip–sample system is also
modulated to enable its separation from other interaction contribu-
tions using lock-in amplifier techniques. The resulting tip–sample
potential difference V ts is given by

Vts = Vtip − Vsample = (Vcpd ± Vdc) + Vac sin(ωelt).

The contact potential difference Vcpd builds up naturally between
the tip and the sample, when electrically connected, due to the
differences in their respective work functions such that ∣Vcpd∣
= ∣ϕtip−ϕsample∣

e . Vdc is an adjustable DC bias voltage applied to the tip or
the sample depending on the experimental polarization setup (e.g.,
supplementary material). Vac sin(ωelt) is the alternating voltage
applied to the system to modulate the electrostatic interaction
at the frequency f el = ωel

2π . The electrostatic force can be mea-
sured in KPFM between the tip and the sample by Fel = 1

2
∂C
∂z V2

ts.

Nevertheless, a general description of the force between the tip and
the sample encompasses the presence of charges on the sample sur-
face.34 This adds a Coulomb interaction component to the electro-
static force expression given by qsqt

4πε0z2 , where qs represents superfi-
cial surface charges and qs represents the total charge on the point
conductive probe.

Taking all these elements into account, the electrostatic force
has, therefore, three spectral components given by

Fdc = 1
2
∂C
∂z
(Vcpd − Vdc)2 + 1

4
∂C
∂z

V2
ac + qsqt

4πε0z2 (Vcpd − Vdc), (1)

Fωel = [
∂C
∂z
(Vcpd − Vdc) + qsqt

4πε0z2 ]Vac sin(ωelt), (2)

F2ωel = −
1
4
∂C
∂z

V2
ac cos(2ωelt). (3)

Closed-loop AM KPFM methods measure the amplitude of the Fωel

component and feed it to a Kelvin controller. The latter adjusts the
value of the DC bias voltage such that Vdc = Vcpd, which minimizes
(ideally nullifies) the amplitude of the electrically driven vibrations.
Closed-loop AM KPFM methods are the most commonly used ones
on commercial AFM systems. These methods are generally consid-
ered to provide “semi-quantifiable” maps of the contact potential
difference of the sample. In fact, although local relative variations
in the surface contact potential difference could be quantified, the
absolute measured values remain highly controversial. Nonetheless,
it has also been shown that closed-loop methods suffer from several
artifact sources related to the experimental parameters of the KPFM
setup and the feedback system.35

The open-loop KPFM methods, however, require no Kelvin
controller feedback as they directly measure the amplitude of
the force Fωel . Usually the DC bias in these methods is set
to zero. By doing so, the open-loop KPFM methods benefit
from artifact-free measurements and from scanning rates unob-
structed by the bandwidth of the Kelvin controller. This makes
their use highly attractive for fast-scanning nano-metrological
applications.

In this work, we combine the ease of use of amplitude mod-
ulation methods with the benefits of open-loop schemes (with no
feedback) to exploit the distance dependencies of the capacitive con-
tributions and propose an electric force microscopy method capable
of achieving a 5 nm spatial resolution under controlled environment.
Our method is based on a single-scan measurement using a bimodal
excitation of the cantilever. We call it bimodal single-scan electric
force microscopy (BM SS-EFM).

III. MATERIAL AND METHODS
A. BM SS-EFM setup

Experiments are carried out on a Dimension 3100 AFM
equipped with a Nanoscope IIIa controller and Quadrex electron-
ics (Veeco, USA). A rectangular cantilever (k = 3 N m−1) with a
PtIr-coated AFM tip (Nanosensors) is used. The first two eigenfre-
quencies of the cantilever are, respectively, measured at f 0 ≈ 65 kHz
and f 1 ≈ 392 kHz. Our BM SS-EFM method consists of a single
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scan bimodal mode during which the electrostatic force is mea-
sured simultaneously with the surface topography in the ampli-
tude modulation (AM-AFM) mode. During the scanning proce-
dure, the surface topography is acquired at f 0 using the internal
feedback loop of the Nanscope IIIa system. An external signal gen-
erator (HP33120A) is used to apply simultaneously the electrical
modulation Vac sin(ωelt) at a frequency f 1 of the second eigen-
mode. This signal is directly connected to the cantilever via a Sig-
nal Access Module (SAM) box connected to the microscope. The
cantilever deflection signal is acquired in parallel using a home-
made derivation card and then fed to an external lock-in amplifier
(Signal Recovery DSP 7280) locked at frequency f 1 to extract the

amplitude A1 =
√

x2
1 + y2

1 and the phase φ1 = arctan(x1/y1). The
“in-phase” component x1 and the “quadrature” component y1, rep-
resenting the electrical oscillation signal as a vector relative to the
lock-in reference oscillator, were preferred as output signals to pre-
serve the sign of the contact potential difference Vcpd. The DC bias
voltage in BM SS-EFM is set to zero (Vdc = 0) and the sample is
grounded.

B. Sample description
The sample consists of epitaxial graphene layers thermally

grown on n-doped, Si-terminated, 6H–SiC(0001) substrate as
described elsewhere.25,36 The SiC substrate is initially annealed at
2000 ○C for 30 min in an Ar environment under 600 mbar pressure.
Raman spectroscopy and micro-Raman imaging were used to iden-
tify the formation of graphene layers, of different thicknesses, on the
sample surface.37 Earlier, we have shown that the surface potential
of graphene flakes on 6H–SiC(0001) surface is highly dependent on
the number of graphene layers.25,36 A correlation between closed-
loop AM KPFM measurements and x-ray photoemission electron
microscopy (XPEEM) has been carried out25 on the exact same
sample used in this work. Results show that the work function of
graphene in this case increases with the number of layers ranging
from ∼ 4.32 ± 0.03 eV for one-layer graphene up to ∼ 4.59 ± 0.07 eV
for multilayer-graphene (five layers). A difference of about ∼ 0.11 eV
was also measured between the bare SiC substrate and the first
graphene layer. A charge transfer occurring through a buffer layer
between the SiC substrate and graphene has been reported at the
origin of the work function variations. The charge transfer is inde-
pendent of the number of graphene layers, which leads to a screening
effect on the surface potential as the thickness of layers increases.
Hence, the potential dependent contrast observed on the samples
used in KPFM measurements of this study is directly related to the
changes in the work function of the graphene layers formed on the
surface, depending on their thickness.25,36 Similar results have been
reported in the literature.24,38 The sample was chosen to demonstrate
the lateral resolution enhancement of the BM SS-EFM method pre-
sented here because the domains corresponding to graphene flakes
have pronounced surface potential differences easily measured in
KPFM.

IV. RESULTS
Only BM SS-EFM will be considered in regard of the enhance-

ment in the spatial resolution of electrical measurements under
ambient temperature and humidity-controlled environment. The

experimental limits and conditions of the stable imaging in BM SS-
EFM for both surface topography in AM-AFM and simultaneous
electrical property mapping will be discussed.

A. The spatial resolution
The spatial resolution is generally described as the power of

an imaging system to differentiate between two features separated
by a certain distance. The smaller the distance between the fea-
tures captured by the imaging system is, the higher is the spatial
resolution of the system if it could resolve them separately with
minimal convolutions.39–41 Here, the spatial resolution of the elec-
trical AFM measurements is determined using line profiles across
an edge step between two regions of high variation in contact
potential difference. The quantification of the spatial resolution is
given by the width of the transition zone at the edge where the
electrical signal changes from 16% to 84% of its value.41 Other
authors calculated the spatial resolution of electrical AFM imaging
using variations across edges with the 25%–75%11,12,42 and 10%–90%
limits.17 This approach to evaluate spatial resolution is the best-
suited method for analytical instruments and surface measurement
techniques.40

B. The improvement of spatial resolution
To highlight the enhancement in the spatial resolution achiev-

able in this study, imaging results acquired in the same region of
the sample by closed-loop lift mode KPFM and BM SS-EFM were
compared. We chose to make a comparison of the imaging results
between these two methods since lift-mode KPFM has been shown
to provide a correlation between the contact potential difference
and the number of graphene layer on our sample. More details are
described in Sec. III. In the lift mode KPFM measurements, the sur-
face topography is acquired in a first line scan using the AM-AFM
method. The cantilever is mechanically driven at its first eigen-
mode frequency f 0, while the feedback system maintains constant
mechanical vibration set point amplitude Asp ∼ 35 nm (around 70%
of the free oscillations amplitude). In a second scan along the same
line, the tip is lifted upward by a so-called “lift height” distance LH
(here LH = 20 nm). In this second scan, the mechanical driving sig-
nal is cut off, and the cantilever is driven to oscillations by means of
a sinusoidal electrical signal Vac sin(ωelt). The tip redraws the sur-
face topography of the line acquired in the first scan. The frequency
of the electrically driven oscillations of the cantilever is set in this
case to the first eigenmode frequency f 0, same as for the first topog-
raphy scan. As previously described for closed-loop AM KPFM, a
Kelvin controller feedback system adjusts a static bias voltage Vdc
to minimize (ideally nullify) the amplitude of the electrically driven
oscillations.

Figures 1(a) and 1(b) show the surface topography of the SiC
sample and the map of the contact potential difference variations,
respectively. Results show no crosstalk between the two imaging
channels. As stated in Sec. III, the variations in the contact poten-
tial difference at the surface of this sample have been shown to be
directly associated with the thickness of the graphene layer coverage
over the SiC substrate.25,36

BM SS-EFM mode measurements were conducted on the same
area of the sample surface. The method consists of a single scan
mode during which the cantilever is driven to oscillations both
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FIG. 1. (a) Topography map of epitaxial graphene layers on the SiC substrate
obtained in AM-AFM mode. (b) Corresponding contact potential difference map
obtained in lift-mode KFM at a lift height LH = 20 nm. (c) Map of the x1 channel
revealing the variations in the electrostatic force obtained in BM SS-EFM. (d) Cross
section profiles across structures highlighted by the white ellipse on the images
showing the power of resolution in BM SS-EFM compared to lift-mode KPFM. (e)
Evaluation of the spatial resolution of each method over a step variation in contact
potential difference contrast.

mechanically and electrically. Mechanical oscillations are driven by
the dither piezo at the frequency of the first eigenmode f 0 = 65 kHz.
Simultaneously, an electrical driving signal Vac sin(ωelt) is directly
applied to the cantilever at the second eigenmode frequency f 1= 392 kHz. It is worth noting that the amplitude of the electrical
driving signal in BM SS-EFM is set equal to the electrical signal
in the lift-mode KPFM measurement, i.e., Vac = 2 V . The surface
topography is normally acquired in AM-AFM mode by maintain-
ing a constant amplitude of mechanical oscillations at the set point
value Asp ∼ 35 nm (same as for the lift-mode measurements). Simul-
taneously, we capture the fast demodulation mode’s outputs (x1 and
y1) of an external lock-in amplifier set at the second eigenmode
frequency f 1. The images of the x1 and y1 signals were recorded
by using auxiliary entries in the commercial microscope software.
The amplitudes of the free oscillations of the cantilever at the two
eigenmodes [A(0)0 at f 0 and A(0)1 at f 1] were calibrated separately
such that A(0)1 /A(0)0 = 0.13. The choice of this particular ratio is dis-
cussed in detail in Sec. V C 2. Figure 1(c) shows the map of the
x1 signal at the output of the lock-in amplifier of the BM SS-EFM
setup. In fact, the phase signal of the lock-in amplifier is adjusted
so that the magnitude of the signal is mostly in the x1 output. The
map of the x1 channel shows an identical trend of contrast com-
pared to the contact potential difference map obtained in lift-mode
KPFM in Fig. 1(b). This supports the fact that this signal corre-
sponds to the electrostatic force Fωel [see Eq. (2)], and it is directly
proportional to the variation of the contact potential difference

on the sample, which is linked to the variations in the graphene
layer thickness. Nevertheless, the enhancement in the spatial reso-
lution of the BM SS-EFM image is visually clear. For comparison,
Fig. 1(d) shows the cross section profiles recorded across specific
features on the sample (highlighted by the white elliptical shape).
The results clearly show that the BM SS-EFM imaging is capable of
resolving the three features along the 400 nm line, which are com-
pletely undistinguishable on the lift-mode KPFM image [Fig. 1(b)].
To quantify this increase in the spatial resolution, we compare two
cross section lines recorded along a step of electrical property vari-
ation marked with the black arrow on the images. It is worth not-
ing that we have intentionally selected this particular step, which is
only observed on the surface potential images, Figs. 1(b) and 1(c),
away from the topography step edge on the SiC substrate. This is
with the aim to avoid any convolution of our comparison with the
resolution of the topography measurements. Figure 1(e) shows the
two cross section profiles from lift-mode KPFM and BM SS-EFM
fitted with an edge step function using the ImageJ® software. A
width Δx = 160 nm of the 16%–84% transition region at the step
is measured in the case of lift-mode KPFM measurements. The
BM SS-EFM results demonstrate a sixfold increase in spatial res-
olution under ambient conditions, with a width of the transition
region Δx = 28 nm.

This improvement is attributed to several factors that will be
discussed in Sec. V. Ding et al.43 showed a spatial resolution ∼ 15 nm
under ambient conditions using a multi-frequency scheme in con-
junction with the lift-mode KPFM. Nevertheless, their estimation is
made over a topographically varying edge, which renders the eval-
uation of the spatial resolution in electrical measurement a little
bit more complex. Zerweck et al.17 demonstrated a spatial reso-
lution in the order of 50 nm measured in frequency modulation
FM-KFPM, under vacuum conditions, over step edges between KCl
and Au using usual AFM probes. Using super sharp AFM probes
coated with a very thin layer of chromium, these authors showed a
spatial resolution of about 10 nm under ultra-high-vacuum (UHV)
conditions. Sommerhalter et al.44 also reported a spatial resolution
of ∼ 20 nm for AM-KPFM measurements in UHV using the elec-
trical oscillation at the second eigenmode of the cantilever. These
reported values show that the spatial resolution that we demon-
strate in this work under ambient conditions using BM SS-EFM
is comparable to the results obtained under UHV conditions. This
constitutes a strong advantage of our method since it allows reach-
ing these resolution values without the need to use expensive UHV
setups. It also allows the characterization of sensitive samples (bio-
logical and organic), which might be hindered under the UHV
environment.

C. Humidity reduced environment: Enhanced
local resolution

Although our results show an important enhancement in the
spatial resolution of contact potential difference dependent mea-
surements under ambient conditions, it is well known that the
ambient humidity has a considerable effect on the sharpness of the
contrast in AFM electrical measurements.45,46 We have, therefore,
investigated experimentally the effect of a reduced humidity envi-
ronment on the quality of the spatial resolution of our BM SS-EFM
measurements. To this end, the AFM microscope is placed inside
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a homemade Plexiglas cabinet fitted with a small airlock chamber
and a glove box system. Using a continuous flow of nitrogen inside
the cabinet, the relative humidity level is monitored with a minia-
turized sensor placed at the proximity of the sample holder. Prior to
measurements, the sample was heated at 150 ○C for about 2 h and
then transferred to the airlock chamber of the cabinet under nitro-
gen flow. The system was kept to settle under a relative humidity
level RH% ∼2 ± 0.2% for an hour prior to scanning. The main goal
of the sample heating is to dissipate and clean surface contamination
and accelerate the water molecule removal from the surface assisted
by the flow of nitrogen gas.

A comparison between imaging results in lift-mode KPFM and
BM SS-EFM is conducted under reduced humidity conditions, sim-
ilar to that performed in ambient. Figure 2(a) shows a 1 μm scan
obtained in AM-AFM mode of the SiC surface topography covered
with graphene. Figures 2(b) and 2(c) show the map of the contact
potential difference obtained in lift-mode KPFM and the x1 chan-
nel in BM SS-EFM, respectively. The experimental conditions for
both modes are exactly the same as for the measurements made in
Fig. 1, in terms of oscillation amplitudes, frequencies, and lift height.
While lift-mode KPFM imaging (obtained at ambient humidity level
RH%∼25%) renders a very blurry contrast, the BM SS-EFM results
(obtained at ∼2% relative humidity) reveal a greater improvement
in the spatial resolution measured on the cross section profile in
Fig. 2(d) at Δx ∼ 5 nm. Both measurements present the same trend in
electrical contrast, indicating again that the map of the BM SS-EFM
here is directly dependent on the variations in the work function of
graphene layers. This again correlates very well with the measure-
ments that we have previously reported in Ref. 25 using XPEEM

FIG. 2. (a) Topography map of a 1 μm2 area showing three regions of the SiC
substrate covered with graphene layers. (b) Contact potential difference map mea-
sured in lift-mode KPFM at LH = 20 nm and RH% ∼ 25%, showing very blurry
contrast. (c) Map of the x1 signal recorded in BM SS-EFM at RH% ∼ 2%, show-
ing a very sharp contrast and spatial resolution of ∼5 nm estimated from the cross
section profile (d).

characterization on the exact same sample.36 The very-high resolu-
tion images obtained in BM SS-EFM in a reduced humidity environ-
ment reveal the nanostructure of the epitaxial growth of graphene
layers on SiC. This result shows the coverage of graphene on the SiC
steps and gives a greater insight into its quality.

The improvement in spatial resolution achieved in this work
offers important means to study potential dependent surface struc-
tures in situ at high scanning rates. This is mainly due to the
fact that measurements in BM SS-EFM are not constraint by the
bandwidth of a Kelvin controller and can be achieved at the same
scanning rates as in AM-AFM. The spatial resolution reported in
this work under reduced humidity is about two-orders of magni-
tude better than conventional lift-mode KPFM measurements under
ambient conditions. It also competes with the 10 nm resolution
values reported in the literature in UHV using very sharp AFM
probes, which usually have a very fragile apex and are relatively
expensive.

V. DISCUSSION
We attribute the enhancement in the spatial resolution

achieved in this work to two main factors: (i) the relative contri-
butions of the probe’s geometrical elements related to the distance
between the tip and the sample as well as to the bimodal shape of
the cantilever and (ii) the interaction of the surface water layers
with graphene, controlled by reducing the relative humidity of the
measurement environment.

A. Probe geometry and cantilever shape
In order to compare the relative contributions of the spheri-

cal apex, cone, and cantilever to the total signal measured both in
lift-mode KPFM and in BM SS-EFM, we used the model proposed
by Hudlet et al.9 to calculate the first derivative of the capacitances
between the probe and the sample. In Fig. 3, we show the relative
contributions of each probe element for a tip to sample separation
distance up to 300 nm.

In BM SS-EFM, the cantilever has a bimodal shape vibrating
simultaneously at the first and second eigenmodes as presented by
the bold black line in the inset of Fig. 3(a). To calculate this shape,
we have taken into account the relative ratio between the amplitudes
of vibrations A(0)1 /A(0)0 = 0.13. The distance between the tip and the
sample in this case is thus given by z = D − (H + A0 + A1), where D
is the mean equilibrium distance in AM-AFM and H is the height of
the cone. We note that the dashed blue line in the inset corresponds
to the shape of the first eigenmode plotted for visual guidance. The
plots in Fig. 3(a) indicate that for distance z ≤ 12 nm, the spherical
tip apex dominates (larger than 40%) the electrostatic force between
the tip and the sample. Therefore, with the smaller distance between
the tip and the sample surface in BM SS-EFM mode, the enhanced
spatial resolution obtained experimentally under ambient condi-
tions is clearly related to the concentrated signal at the spherical tip
apex. Girard and Titkov 13 and Dunaevskiy et al.14 suggested an ana-
lytical expression to estimate the spatial resolution of electrical AFM
measurements considering only the tip apex capacitance. They con-
sidered it as the diameter of a disc area under the tip Darea ∝ a

√
Rz,

where the term a depends on the nature of the probed signal (i.e.,
force or force gradient). Using the experimental parameters in our
BM SS-EFM measurements for R = 20 nm and for z = 30 nm, the
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FIG. 3. Relative contributions of the capacitance first derivatives ( ∂C
∂z ) for the

spherical tip apex, the cone, and the rectangular cantilever in both methods: (a)
BM SS-EFM and (b) lift-mode KPFM with LH = 20 nm. The drawings in the inset
of each graph depict the shape of the cantilever and the overall distance between
the tip and the sample in each mode.

spatial resolution obtained in this work fits with Darea = 28 nm for
a = 1.14. This is in very good agreement with the proposed analysis
in Refs. 13 and 14.

In lift-mode KPFM, the distance between the tip and the sam-
ple is increased by the added lift height LH = 20 nm. During the lift
scan, the probe is oscillating at the first eigenmode of the cantilever’s
vibrations with an electrical driving signal. We note that the ampli-
tude of oscillations in the lift scan A1st

0 is smaller than the ampli-
tude of the mechanical oscillation A0. The inset in Fig. 3(b) shows
that the tip–sample distance could be expressed in this case as z
= D + LH − (H + A1st

0 ). The dashed blue line, plotted for visual guid-
ance, represents the shape of the cantilever at its first eigenmode in
the topography AM-AFM scan. Due to the increased separation dis-
tance in the lift-mode KPFM scan, the relative contributions shown
in Fig. 3 indicate that the electrical force is dominated by the can-
tilever for the entire span of distances up to 300 nm and above. This
explains the poor spatial resolution and the blurry contrast on the

contact potential images obtained in lift-mode KPFM [see Figs. 1(b)
and 2(b)].

One of the questions that arise is about the possibility of reduc-
ing the lift height (LH) even to negative values, which would mean
bringing the cantilever to much smaller distances closer to the sam-
ple compared to that of the AM-AFM topography scan. Although, in
principle, such a suggestion is feasible, it, however, has an important
risk of damaging the tip by crashing it into the sample because of the
absence of any distance feedback mechanism during the lift-mode
scan. At closer separations, and in the absence of a distance con-
trol feedback, the interplay between electrostatic and van der Waals
forces becomes important. Therefore, gradients of the total inter-
action force between the tip and sample in such a case could very
likely overcome the stiffness of the cantilever (which is usually low
to enhance the sensitivity of electrical force measurements) and lead
to the intermittent or permanent crashing of the tip onto the sur-
face. Nevertheless, several authors have reported the use of single
scan KPFM schemes in which the choice of the mechanical and elec-
trical driving frequencies is made such that the electrically driven
oscillations match the frequency of the first eigenmode. These con-
figurations, obviously, overcome the distance feedback problem by
operating the AM-AFM and KPFM simultaneously much closer to
the sample surface. However, our calculations (e.g., supplementary
material) show that the bimodal shape of the cantilever, when the
electrical vibrations are excited at the second eigenmode, enhances
the relative contribution of the spherical tip apex at much larger dis-
tances between the tip and the sample. Thus, bimodal single scan
KPFM methods are expected to have a higher spatial resolution.
We note that this argument is only valid for amplitude modula-
tion KPFM methods in which the probed signal corresponds to the
electrostatic force Fωel as it is the case of BM SS-EFM. However,
frequency modulation KPFM methods, based on the detection of
the electrostatic force gradient ∂Fωel

∂z , have higher spatial resolutions.
Using the probe parameters in our experiments, we have estimated
the relative capacitive contributions of the probe geometrical parts
in the case of force gradient detection (e.g., supplementary material).
We find, as an indication, that in force gradient modes, the contri-
bution of the spherical apex dominates (larger that 45%) the elec-
trostatic force at the tip–sample distance as high as 60 nm. This has
been demonstrated experimentally in multiple works15,47,48 showing
that using force gradient detection in lift-mode KPFM still exhibits
high spatial resolutions.

B. Humidity effect on the electrical contrast
Reaching the 5 nm limit in spatial resolution using BM SS-

EFM in humidity-reduced environment constitutes a step forward
in imaging nanostructured materials allowing to capture their mor-
phology and structure evolving in situ without relying on UHV
heavy instrument. To comprehend the origin of the contrast and
resolution enhancement, it is necessary to discuss the interaction of
water molecules with graphene. It is well admitted that the wetting
properties of graphene are strongly dependent on its surface-water
interaction potential.49,50 This is due to the water molecule dipoles
responsible for altering the graphene surface potential and work of
adhesion.51 Indeed, Shafrin and Zisman52 were the firsts to reveal
that polar interactions strongly influence the wettability of metals,

Rev. Sci. Instrum. 92, 023703 (2021); doi: 10.1063/5.0038335 92, 023703-6

Published under license by AIP Publishing

 26 Septem
ber 2024 14:03:55

https://scitation.org/journal/rsi
https://www.scitation.org/doi/suppl/10.1063/5.0038335
https://www.scitation.org/doi/suppl/10.1063/5.0038335
https://www.scitation.org/doi/suppl/10.1063/5.0038335


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

which was later investigated in detail considering various geomet-
ric configurations of water dipoles with respect to the metal sur-
face.49 Recently, Giusca et al.53 studied the affinity of graphene to
water depending on the number of graphene layers. The authors
studied the variations in the contact potential difference of epitaxial
graphene on SiC–6H (0001), similar to our sample, by varying the
environmental conditions between ambient, N2 (RH < 10% to RH
∼ 70%), and vacuum. Their results show that for ambient humid-
ity 40%–50%, the work functions of 1LG and 2LG are almost equal
(Fig. 4 in Ref. 53), while a large difference with 3LG is obtained at this
ambient humidity level. The analysis of these results in Ref. 53 indi-
cates that for a sample coverage of 1LG–2LG in ambient, the contact
potential contrast is expected to be very small. If, however, the sam-
ple coverage is 1LG–3LG or 2LG–3LG, then the larger difference
in their corresponding work functions would lead to higher con-
trast in contact potential difference. Since our experimental results
in ambient, especially in lift-mode KPFM [Figs. 1(b) and 2(b)], show
a blurry low contrast, it suggests that the scanned areas in our mea-
surements show a 1LG–2LG coverage. This suggestion is supported
by the fact that the results in Ref. 53 also show for the lowest RH%
levels for N2 < 10%, the difference between the work functions of
1LG and 2LG is large, while 2LG and 3LG have almost equal work
functions. This means that under reduced humidity, the difference
in the contact potential difference between 1LG and 2LG should
be large leading to a sharper and brighter contrast. For 1LG–3LG
or 2LG–3LG coverage, the difference in the contact potential dif-
ference under reduced humidity should be very small leading to a
blurry contrast. Our BM SS-EFM results clearly show very sharp
and highly resolved contrast for RH% ∼ 2 ± 0.2%. It, thus, qualita-
tively implies that the highly resolved BM SS-EFM image in Fig. 2(c)
clearly corresponds to the coverage of 2LG graphene layers (bright)
grown over the SiC steps covered by 1LG (dark). This conclusion
is in very good agreement with our previously reported measure-
ments by x-ray photoemission electron microscopy (XPEEM) using
the same sample, showing a major 1LG–2LG coverage of the SiC
substrate.25,36

C. Experimental boundaries of the BM SS-EFM
method
1. Effect of the electrostatic deflection

In the absence of a feedback loop to compensate the electro-
static forces in BM SS-EFM, it is important to evaluate the effect
of these forces on the surface topography measured in AM-AFM.
This will elucidate the contribution of crosstalk between channels.
As described above, a compensation of the electrostatic forces in a
closed-loop AM KPFM setup results in the application of a static
bias voltage Vdc = Vcpd. Under ideal conditions, this would nullify
the component of the force modulated electrically at ωel, as seen
in Eq. (2), and reduces the value of the static component of the
force in Eq. (1). In our BM SS-EFM method, Vdc = 0, which leaves
the Fωel component of the force uncompensated and Fdc unreduced.
However, since the surface topography is measured in AM-AFM at
the frequency of the mechanical oscillations ωm ≠ ωel, the electri-
cally modulated component Fωel would have no effect on topography
measurements as the detection lock-in amplifier filters out the cor-
responding signal. Nevertheless, the Fdc component of the electrical
force would still induce a static deflection of the cantilever, which

changes the tip–sample separation distance. This change would alter
the amplitude of the mechanical oscillations of the cantilever result-
ing in an artifact in topography measured in AM-AFM mode. We
have carefully analyzed the possible limits of the static deflection
caused by the unreduced Fdc and estimated their effect on the height
topography measurement (e.g., supplementary material). We find
that the possible height variation (∼ 1.4 × 10−8 pm) falls far below
the sensitivity limit of the vertical piezo sensor in the AFM system,
which is about 30 pm.

Therefore, in our open-loop KPFM method, the presence of
non-compensated electrostatic forces has no practical effect on the
surface topography. This is true in the case of the sample with few
layers of graphene coverage. It also extends to any other type of sam-
ples in which the variations in the contact potential differences are
within comparable ranges.

2. The stability of the imaging channels in BM SS-EFM
The AFM cantilever is driven simultaneously at its first two-

eigenmode frequencies f 0 and f 1. The oscillating response is, there-
fore, subject to complicated dynamics between these modes. It has
been shown that the excitation of the second eigenmode enhances
the sensitivity of the AFM measurement to the interactions at longer
tip–sample distances. The analytical investigation by Lozano and
Garcia54 demonstrates that, in the case of bimodal excitation, the
amplitude of the first eigenmode is independent of the excitation
scheme (e.g., whether it is mono-modal or bimodal). Nevertheless,
the ratio between the amplitudes of the cantilever vibrations at the
different eigenmodes plays an important role in defining the sta-
bility of such measurements. Results in Refs. 54 and 55 show that
the amplitude of the first eigenmode can still be used for stable
topography measurements in the AM-AFM mode (Tapping mode)
as long as the free amplitude of vibrations at the second eigenmode
is much lower than that of the first eigenmode oscillations. Other
investigations have also pointed out the fact that the ratio of the
energies, stored in the free vibrations of the cantilever at the differ-
ent modes, also plays a crucial role in the stability of the oscillation
dynamics.55,56

a. Experimental observations. The experimental conditions are
another key element to achieve a stable simultaneous imaging of
the surface topography and contact potential difference depen-
dent properties of the sample in our BM SS-EFM method. In
the following, the effects of experimental parameters on the imag-
ing channels leading to stable measurements are determined;
then, a more detailed analysis of the factors related to sta-
ble imaging in BM SS-EFM is performed to also draw the
limits on the experimental parameters required to practically
achieve simultaneous multi-modal driving of the cantilever to
acquire surface topography and variations of the surface electrical
properties.

As a first step, the effect of the external alternating bias volt-
age Vac on the different imaging channels obtained during scanning
was monitored, as shown in Fig. 4. Namely, we monitor the sur-
face topography, amplitude, and phase of the cantilever’s vibrations
measured at the first eigenmode (noted by ω0 = 2πf 0) during scan-
ning. We simultaneously record the amplitude and the phase of the
cantilever’s electrically driven vibrations measured at ω1 = 2πf 1. We
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FIG. 4. (a) Surface topography recorded at ω0 = f0

2π . (b) and (c) Amplitude A1 and phase φ1 signals of the electrically driven oscillations at ω1 = f1

2π . Vac was systematically
changed during the scan between 0.1 V and 10 V. (d)–(f) Surface topography, amplitude A0, and phase φ0 of the electrically driven oscillations at ω0. The effects of
increasing the electrical drive Vac are visually clear from the images and are discussed in the text.

recall that these latter channels were obtained through the mea-
surement of the x1 and y1 outputs of the lock-in amplifier tuned
at f 1.

During the scan, the external Vac electrical drive amplitude
has been changed between 0.1 V and 10 V. On the one hand, the
imaging results in Figs. 4(d)–4(f) show that the amplitude A0 and
phase φ0 of the cantilever’s vibrations at the first eigenmode f 0
remain unaltered by the simultaneous oscillations at the second
eigenmode f 1 for Vac ≤ 2 V. On the other hand, the amplitude A1
of the electrical oscillations of the cantilever [Fig. 4(b)] presents a
gradual increase in sensitivity to the potential dependent variations,
related to graphene coverage on the sample, as the external elec-
trical drive signal increases between Vac = 0.1 V and 2 V. At the
lower limit of electrical excitations, the amplitude A1 shows a flat
contrast. This indicates that the electrical oscillations at low driv-
ing signals (Vac = 0.1 V) are too small, and the sensitivity to elec-
trical forces in this case is below the limits of the system detec-
tion. These observations correlate with the variations induced on
the phase channel φ1, as shown in Fig. 4(c). The very high noise
level observed in the phase of the cantilever oscillations at f 1 for
the lowest limit of Vac = 0.1 V indicates that the electrical signal to
noise ratio is low in this case. However, as Vac increases, the noise
on the phase channel φ1 decreases gradually to practically disappear
for Vac = 2 V. This indicates that the sensitivity of the electrical oscil-
lations at f 1 to the contact potential surface dependency increases,
leading to a stable imaging in BM SS-EFM. For higher driving volt-
ages, Vac > 2 V, the contrast on the channel φ1 indicates important
jumps in phase as well as smeared and noisy edges between poten-
tial dependent areas. Similar modifications can be also noticed on
the contrast of the amplitude channel A1. The changes observed
on the channels of electrical oscillation at the second eigenmode
f 1 for high are directly correlated with a complete alteration of
the AM-AFM topography measurement at the first eigenmode f 0.
The contrast in Fig. 4(f) shows an important jump in the phase of

the mechanical vibrations at f 0, which suggests important changes
in the imaging regimes in the AM-AFM mode. Nevertheless, for
Vac > 2 V, the amplitude of mechanical oscillation at f 0 is totally dis-
torted, which appears in the loss of feedback during the topography
scan [Fig. 4(d)].

All these observations suggest that the increase in the electri-
cal oscillation amplitude at f 1 (by increasing the Vac driving sig-
nal) had led to a dynamical coupling between the eigenmode vibra-
tions of the cantilever. For Vac ≤ 2 V, the amplitude of mechan-
ical vibrations A0 is stable as a feedback parameter for imaging
surface topography in AM-AFM mode at f 0. For Vac > 2 V, the
electrical oscillations at f 1 coupled to those at f 0 and the ampli-
tude of the mechanical vibrations A0 is no longer stable leading
to a loss of surface topography feedback at f 0. Although Vac = 2,
V is found to provide stable simultaneous imaging at both vibra-
tional eigenmodes in our case, it is only specific to the experi-
mental setup used in this work. We are, however, interested to
draw a general understanding of the imaging stability conditions
for our bimodal single-scan method. For this, we have investigated
the relationship between the free amplitude of vibrations for both
the first and second eigenmodes as suggested in Ref. 54 as well as
the ratio of their respective free oscillations energies as modeled
in Ref. 55.

b. Ratios of amplitudes and stored energies. Free amplitudes
of vibrations. We investigated the free amplitudes of cantilever
vibrations at the first and second modes as well as the energies
stored in the oscillations for each mode, following the suggested
theoretical work in Refs. 54 and 55. All vibration amplitudes are
determined away from the sample surface and are referred to
(with an upper index “0”) as free vibrational amplitudes. Thus,
A(0)0 and A(0)1 represent the amplitudes of free oscillations at the
first ( f 0) and second ( f 1) eigenmode frequencies, respectively. The
experimental procedure, used in determining these amplitudes,
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consisted of the following steps. First, the probe is withdrawn several
micrometers away from the surface to ensure no interaction with the
AFM tip. Then, the cantilever is driven to oscillations mechanically
by the mean of the dither piezo. The frequency of the driving signal is
fine-tuned so that the vibrational response of the cantilever matches
with the resonance at the first eigenmode frequency f 0 = 65 kHz.
The rms amplitude reading on the AFM system is set in this case
to Arms

0 = 2 V, which corresponds to an amplitude of oscillations
calibrated at A(0)0 ≅ 50 nm. In a second step, the mechanical drive
through the dither piezo is switched off. The external electric driving
signal Vac sin(ωet) is then directly applied to the probe. The vibra-
tional response of the cantilever is tuned such that ωel = ω1 = 2πf 1,
where f 1 = 392 kHz is the frequency of the second eigenmode. A
linear relationship was found between the magnitude of the exter-
nal voltage Vac and the rms amplitude reading of the electrically
driven cantilever’s vibrations such that Arms

1 (volts) = Vac/3 (e.g.,
supplementary material). The sensitivity of the cantilever deflection
at the second eigenmode is determined using amplitude vs dis-
tance curves (not shown here) in order to calibrate the oscillation
amplitude A(0)1 in nanometers. The cantilever stiffness k1 at the sec-
ond eigenmode is derived using the power law kn = k0( f n/ f 0)2 and
is found around k1 = 109.11 N m−1 for the cantilever used in our
experiments. Table I shows all the values of the free amplitudes for
both vibrational modes. We recorded the cantilever’s deflection dur-
ing scanning when the probe is driven at f 0 and f 1, simultaneously,
as shown in Fig. 5. For small values of the external electrical driving
signal Vac ≤ 2 V, the total deflection of the cantilever corresponds to
a linear superposition of the two oscillations at the first and second
eigenmode frequencies. The electrically driven cantilever’s vibration
at f 1 can be considered under these conditions as a small pertur-
bation to the oscillation of the cantilever mechanically driven at f 0.
This preserves the dynamics of the system as governed by the enve-
lope oscillation at the first eigenmode. This correlates with the obser-
vations made above on the imaging channels in which the amplitude
of vibrations at f 0 is stable and can be used for AM-AFM topography
imaging. These considerations are supported by the evaluated ratio
of the free oscillation amplitudes for the two eigenmodes A(0)1 /A(0)0

shown in Table I. For low electrical drive at f 1, the free oscillation
amplitude A(0)1 is a very small fraction of A(0)0 . At Vac = 2 V, the
ratio A(0)1 /A(0)0 reaches the value 0.13, which is in very good agree-
ment with the theoretical predictions in Ref. 54, which suggested for
a stable use of the oscillations at the first eigenmode for AM-AFM
topography feedback. As Vac increases between 0.1 V and 2 V, the
intensity of the perturbation increases, which has a positive effect on
improving the sensitivity of the cantilever oscillations at f 1 to the
electrostatic forces as observed on the imaging channels A1 and φ1
in Fig. 4.

Nevertheless, the dynamics of the cantilever’s deflection
become totally distorted when Vac is increased above 2 V. Figure 5
shows that for high electrical driving signals, Vac = 5 V and Vac
= 10 V, the electrical oscillations at f 1 can no longer be consid-
ered as a small perturbation to the mechanical oscillations. In fact,
the envelope signal at f 0 is completely lost in these cases, and the
cantilever’s deflection indicates strongly coupled dynamics between
the two modes of vibration. This clearly results in A0 being no
longer stable to be used as a feedback signal for topography mea-
surements in AM-AFM as previously demonstrated on the imaging
channels in Fig. 4. Interestingly, however, Table I shows that the
ratio of the free oscillation amplitudes of the two modes, A(0)1 /A(0)0 ,
remains smaller than unity even for the largest values of the electri-
cal driving signal. This means that in all the cases presented here,
the amplitude of free electrical oscillation at f 1 remained smaller
than that of the free mechanical oscillations at f 0. Therefore, the
ratio of the free oscillation amplitudes of the two modes, f 0 and
f 1, does not constitute a differentiation factor to identify general
stable imaging conditions in the BM SS-EFM method. For this, we
have investigated the ratio of the energies stored in the oscillations
at each mode in order to analyze its correlation with the stable
simultaneous imaging in AM-AFM topography measurement and
BM SS-EFM.

Energy stored in the vibrational eigenmodes. The energy stored
in each vibrational mode was evaluated by calculating the aver-
age value of the Hamiltonian H = T +U for the vibrating probe
integrated over one period of oscillations. By considering the

TABLE I. Experimental free amplitude of vibrations at both eigenmodes as rms and calibrated values. Energies stored in the

free vibrations for each vibrational eigenmode as estimated from ⟨H⟩(0)n . Ratios of the second to the first eigenmode for the
free amplitudes of vibrations and energies stored in free oscillations.

A(0)0 (nm) E(0)0 (J) Vac (V) Arms
1 (V) A(0)1 (nm) E(0)1 (J) A(0)1 /A(0)0 E(0)1 /E(0)0

First eigenmode Second eigenmode

f 0 = 65 kHz f 1 = 392 kHz

k0 = 3 N m−1 k1 = 109 N m−1

50 11 781

0.1 0.033 0.32 17.55 0.0064 0.0015
0.5 0.166 1.6 438.76 0.032 0.0372
1 0.333 3.2 1 755.03 0.064 0.15
2 0.666 6.4 7 020.13 0.13 0.6
5 1.666 16 43 875.8 0.32 3.72

10 3.333 32 175 503 0.64 14.9
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FIG. 5. The cantilever deflection signal
monitored during the scan for different
values of the external electrical driving
signal Vac . The cantilever is simultane-
ously driven mechanically at f 0 and elec-
trically at f 1.

free amplitude of vibrations with no interaction forces with the
surface, the Hamiltonian for each mode is found as ⟨H⟩(0)n

= π
2

kn(A(0)
n )

2

ω2
n

(1 + ω2
n), with n = 0, 1 corresponding to the first and

second eigenmodes, respectively. Table I shows that, for 0.1 V ≤ Vac
≤ 2 V, the ratio of the energies stored in the free oscillations at the
first and second eigenmodes remains smaller than the unity and was
found in the range 0.0015 ≤ E(0)1 /E(0)0 ≤ 0.6. For larger Vac values,
this ratio is E(0)1 /E(0)0 > 1. In correlation with the arguments put for-
ward in the previous paragraphs, the electrical oscillations act as a
perturbation to the mechanical vibrations as long as the total energy
stored in the cantilever’s free vibrations at the second eigenmode f 1
is much smaller than that stored in the free mechanical vibrations
at f 0. This also indicates that the dynamical coupling between the
two modes occurs when the experimental parameters are set such
that the energy stored in the free electrical oscillations at the second
eigenmode exceeds the energy stored in the free mechanical oscilla-
tions at the first eigenmode. In this latter case, the dynamics of the
cantilever are no longer dominated by the oscillations at f 0 as an
envelope and the linear superposition of the two modes no longer
holds.

It is clear that the energy stored in the second eigenmode fre-
quency of the cantilever’s free vibrations plays a crucial role in defin-
ing the experimental conditions for a stable imaging in BM SS-EFM.
The choice of the electrical driving signal Vaca should, therefore, be
made according to satisfy the condition E(0)1 /E(0)0 < 1. This could
be easily found by the estimation of the Hamiltonian, as expressed
here, using the experimental values of cantilever’s spring constant

kn, the eigenmode frequency f n, and the calibrated free amplitude of
oscillations A(0)n .

Figures 6(a) and 6(b) show the variations of A(0)1 /A(0)0 and
E(0)1 /E(0)0 as a function of Vac. The dashed lines indicate the criti-
cal value of the electrical driving signal suitable for stable imaging
in our case. Similar plots could be used for any other setup of BM
SS-EFM to delimit the selection criteria of experimental values for
stable imaging. The ratios of free oscillation amplitudes and stored
energies offer sufficient information on the experimental configura-
tion stability in bimodal AFM setups. Nevertheless, in KPFM-related
methods, the selection of Vac is also strongly related to the sensitivity
of the electrical measurements, namely, the minimum measurable
contact potential difference (CPD).

c. Sensitivity in BM SS-EFM. We have estimated the sensitiv-
ity of our measurements to the local variations in potential depen-
dent properties of the sample by calculating the minimal measurable
value of the CPD and considering only the thermal noise of the can-
tilever. The smallest measurable value of CPD corresponds to the
smallest measurable electric force. This is derived from a signal to
noise ratio S/R = f

√

4kBTcB
= 1, where f is the electrical force, kB is

the Boltzmann constant, T is the temperature in Kelvin, B being the
detection bandwidth in Hz, and c = k0/Qω0 is the friction coefficient.
By setting Vdc = 0, the minimal CPD value (Vmin

cpd ) is given by

Vmin
cpd = 1

Vac

√
4kBk0TB

Qω0
(∂C
∂z
)
−1

.
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FIG. 6. Plots of the calculated ratios of (a) the free vibration amplitudes at the first
two eigenmodes as a function of the electrical driving signal Vac ; (b) the ratio of the
energies stored in the cantilever’s free oscillations at the first two eigenmodes. (c)
Calculated values of the minimum CPD for different Vac . The dashed lines indicate
the case of Vac = 2 V used in the current experimental measurements.

This relation holds generally for any KPFM scheme as the expres-
sion of the electrical force remains the same for all KPFM vari-
ant methods. In addition to the intrinsic properties of the selected
cantilever (not discussed in this work), the sensitivity has var-
ious dependencies on different experimental parameters of the
measurement configuration. A reduced bandwidth would result
in a higher sensitivity as Vmin

cpd becomes smaller. However, this
leads to lower scanning speeds, which is not necessarily a desir-
able condition. Nonetheless, increasing the electrical driving sig-
nal Vac results in a better sensitivity to the potential dependent
properties of the sample, as shown in Fig. 6(c). We calculated
the minimal CPD values for different Vac considering a tip to
sample mean separation distance d = 30 nm. For Vac = 2 V, the
minimum measurable CPD value in our case was found to be
around 1.3 mV.

It is worth noting that in KPFM measurements, the sensitiv-
ity increases as the tip to sample distance increases. This could be
understood by the fact that at higher distances from the surface,
the larger components of the probe (cone and cantilever) start to
have more predominant contribution to the capacitance. There-
fore, more electrical signals could be picked up by the probe at
larger distances, which increases the sensitivity of the measurement.
This, however, has the drawback of decreasing the spatial resolu-
tion and the accuracy of the measured values of contact potential
difference.12,14,36

VI. CONCLUSION
In this work, the capability of BM SS-EFM was successfully

demonstrated to provide qualitative imaging directly proportional
to the local CPD variations, at particularly high resolution in
ambient temperature and humidity-reduced environment down to
5 nm, at the same scanning rates as AM-AFM mode. Our analysis
showed that the stability of the BM SS-EFM method relies essen-
tially on the energy stored in the second eigenmode frequency of
the cantilever vibrations. A ratio of E(0)1 /E(0)0 < 1 is an experimen-
tal condition that has to be satisfied for stable bimodal imaging.
We believe that the ratio of free amplitudes of vibrations at the
two eigenmodes is important but not specific. We suggest that a
ratio of A(0)1 /A(0)0 ∼ 0.1 − 0.2 would be naturally satisfied, if the ratio
of stored energies as mentioned above is set smaller than unity.
The sensitivity of the electrical measurement will result from the
choices made of the electrical drive Vac to satisfy the previously
mentioned conditions. However, for better sensitivities, a larger
tip–sample distance could be adopted on the detriment of lower-
ing the spatial resolution. It is also possible to make use of dif-
ferent cantilevers with more suited properties to match a desired
threshold of minimum measurable contact potential difference
values.

We also showed in this work that BM SS-EFM provides an
interesting tool to investigate low-dimensional materials at very high
resolution under accessible conditions. This method benefits from
several factors, which make it an attractive asset to material science
community to capture nanoscale features ascribed to the physical
properties of materials. The BM SS-EFM method is easy to imple-
ment on any commercial AFM system. It does not use a Kelvin
feedback system, which avoids instrumental artifacts and restricted
scanning speeds due to the bandwidth of the controller. This makes
BM SS-EFM very attractive for the implementation on fast scanning
AFM systems, which would provide means to qualitatively moni-
tor the electrostatic properties of the surface on the fly at very high
resolution. A further development could lead to a quantitative imag-
ing of the contact potential difference. In fact, with the use of an
additional lock-in amplifier, set to the double (2ωel) of the electrical
modulation frequency, one could be able to acquire the correspond-
ing amplitude of the signal A2ωel from Eq. (3). The contact potential
maps in BM SS-EFM could then be obtained by computing the ratio
of the signals Aωe/A2ωe such that (for Vdc = 0)

Vcpd = Vac

4
⋅ Aωe

A2ωe

.

We note that such a signal manipulation is currently accessible
and could be made in real scanning time, on most new advanced
AFM systems. Quantitative Vcpd could thus be obtained during
scanning without the need for additional signal post-processing.
These features are not accessible on the system that we have
used in this experimental work. Finally, we point out to the fact
that using an additional lock-in amplifier tuned at the double
of the electrical frequency (2ωe) allows the direct measurement
of the variations in the first gradient of the tip–sample capaci-
tance related to the variation in the dielectric properties of the
sample.
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SUPPLEMENTARY MATERIAL

See the supplementary material for polarization sign of the DC
bias voltage, experimental setup of the BM SS-EFM method, electri-
cal driving signal amplitudes, contribution of the static component
of the force on surface topography, and capacitive contributions in
single scan EFM methods using bimodal shape vs first eigenmode
shape—BM SS-EFM vs force gradient sensitive detection modes.
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