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Heterodyne AC Kelvin Probe Force Microscopy for
Nanoscale Surface Potential Imaging in Liquids

Thomas Hackl , Mathias Poik , and Georg Schitter Senior Member, IEEE

Abstract—Knowledge of electric charge and potential distribu-
tions at the nanoscale is of great interest in the fields of material
science and biology. The required high measurement accuracy,
spatial resolution and applicability to aqueous environments is
not always provided by conventional techniques such as Kelvin
Probe Force Microscopy due to averaging artefacts and the use
of a dc bias. This paper presents the development of an Atomic
Force Microscopy measurement mode, enabling quantitative
surface potential measurements of nanoscale structures with high
measurement accuracy in air and liquid (aqueous) environments.
Averaging artefacts caused by the influence of cantilever cone,
cantilever beam and tip-sample distance in dc-bias-free Kelvin
Probe Force Microscopy (AC-KPFM) are eliminated by the
implemented heterodyne detection and single-pass operation.
The accuracy of the potential measurement as compared to
amplitude modulated KPFM modes is greatly improved, while
keeping the advantages of closed-loop and dc-bias-free operation.
Experiments on a gold-aluminum test-sample and collagen fibrils
show quantitative surface potential measurements on nanoscale
structures and operability in aqueous environment.

Index Terms—kelvin probe force microscopy, surface potential,
heterodyne detection, aqueous environment

I. INTRODUCTION

KELVIN probe force microscopy (KPFM) [1] is an atomic
force microscope (AFM) measurement mode for the

determination of the local electric surface potential distri-
bution. Electric potentials and charge distributions at the
nanoscale are important surface properties as they strongly
affect the physical and chemical interaction of the carrier with
its environment. KPFM has therefore been used in a variety
of scientific fields, such as corrosion studies [2], [3], analysis
of semiconductors [4], [5], study of photoconducting devices
[6] or biological applications [7], [8]. Common to these
applications is that they require a high spatial resolution due to
the inherently nanoscale structures (e.g. semiconductor struc-
tures, biomolecules). Additionally, measurements in aqueous
environments gained importance in the recent years [9], as it
represents the natural surrounding of corrosion processes or bi-
ological substances. Here, possible electrochemically induced
effects pose challenges to these electrical AFM measurements.
Possible damage to the sample and its environment must be
avoided with the application of suitable electrical signals.

Many variants of KPFM have evolved [9] most of which use
a dual-pass technique (interleaved scan), where the topography
of each scan line is recorded in a first step. The surface
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potential distribution is then mapped in a subsequent step,
where the sample topography is retraced at a constant tip-
sample distance (i.e. lift height). The surface potential is
measured by modulating the electrostatic interaction of the
conducting cantilever to the sample by the application of
an ac voltage. The electrostatic force acting on the tip is
nullified by adjusting an additional dc voltage UDC between
the cantilever and the sample, directly leading to the surface
potential ϕ = UDC . This amplitude modulated KPFM (AM-
KPFM) is sensitive to the long-range electrostatic force acting
on the cantilever. The measurement is therefore not only
influenced by the local surface potential at the tip apex, it also
includes unwanted contributions of sample structures beneath
the cantilever cone and beam, decreasing its spatial resolution
[10]. Additionally, the lift height choice determines the contri-
bution of each cantilever part on the overall electrostatic force,
resulting in an unreliable surface potential measurement. This
issue is generally known as averaging effect in AM-KPFM
modes. More importantly, the use of a dc bias during the
measurement prevents its use in aqueous environments. The dc
electric field between sample and cantilever can never be fully
compensated, due to non-uniform charge distribution on the
sample, leading to electrochemical reactions or gas formation
(i.e. electrolysis [11]) with the associated irreversible damage
to the sample and its surroundings.

Other variants of KPFM, with frequency modulated- (FM)
[12] and heterodyne- (H) [13] detection techniques, have been
developed. These modes are sensitive to the gradient of the
electrostatic force acting on the cantilever, which has a shorter
range than the electrostatic force itself [14]. Therefore, the
contribution of the cantilever beam and cone is mitigated,
which in turn increases the spatial resolution. Additionally,
their implementation of different drive and detection frequen-
cies prevents possible capacitive signal crosstalk within the
AFM [15] from interfering with the measurement, which is an
issue in AM-KPFM [16]. Another approach to mitigate averag-
ing artefacts and poor spatial resolution in KPFM is to omit the
use of the dual-pass scan and to measure the topography and
surface potential in a single-pass configuration simultaneously
[17]. The advantage lies in the reduced tip-sample distance
during the potential measurement, contributing to increased
spatial resolution. Usual implementations use the resonance
frequency of the cantilever for the surface potential measure-
ment, while the topography scan operates at its first overtone
in order to impede any interference or crosstalk between the
measurement signals. While these mentioned methods enable
accurate surface potential measurements at the nanoscale, they
still use a dc voltage for the nullification of the electrostatic
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force, making them unsuitable for operation in liquid or more
specific aqueous environments.

There have been efforts to bypass the need for a dc-bias
by using open-loop methods [18], [19]. However, such open-
loop techniques require an accurate calibration before each
measurement. Possible tip pick-up (an issue when imaging
biological samples [20]) or temperature drifts can make this
calibration invalid, leading to hard to interpret or flawed mea-
surements. Recently the possibility of dc-bias-free closed-loop
KPFM has been demonstrated. It uses a second, modulated ac
voltage instead of the dc-bias for the nullification of the elec-
trostatic force and is known as AC-KPFM [21]. Stable closed-
loop operation of AC-KPFM in aqueous environment has been
shown without the induction of any parasitic electrochemical
effect [22]. However, since AC-KPFM is again sensitive to
the electrostatic force it can be categorized to amplitude mod-
ulated (AM) techniques with all its aforementioned drawbacks.

The contribution of this article is the development of a
novel AFM method, enabling quantitative measurements of
electric surface potentials in air and liquid environments with
nanoscale resolution. This article is an extension of our previ-
ous work [23], which combined AC-KPFM with a heterodyne
detection. It used conventional dual-pass operation, featuring
limited spatial resolution and accuracy and focused on the
evaluation on test structures in air with no verification in liq-
uids. The method presented here operates in single-pass, which
improves spatial resolution and measurement speed as the tip-
sample distance is minimized and the sample topography and
surface potential are measured simultaneously. The developed
mode is demonstrated and compared against conventional
techniques on several nanoscale test structures to assess its
quantitative measurement capability. Further, measurements
on actual biological samples (collagen fibrils) are carried
out, demonstrating nanoscale resolution and applicability to
aqueous environments.

II. PRINCIPLE OF HETERODYNE AC-KPFM FOR LIQUIDS

In this section, the AC-KPFM [21] technique is presented
first, which is then extended by the heterodyne detection and
single-pass operation. Fig. 1(a) shows the setup of AC-KPFM
(switch position: down) as well as heterodyne AC-KPFM
(switch position: up), which is referred to as HAC-K-L
(Heterodyne AC-Kpfm in Liquids) in the following. In their
original form, these methods operate in a dual-pass mode (see
Fig. 2), where in the first pass the topography of a scan line
is measured with conventional techniques, such as contact or
intermittent contact mode. Subsequently the cantilever follows
the recorded topography at a constant distance to the sample
and the surface potential is measured. In AM-KPFM an
ac voltage (amplitude: a; frequency: ωel) with a dc offset:
UC = UDC + a · sin(ωelt) is applied to the conducting
cantilever in the second pass, whereas AC-KPFM replaces
this dc-bias with an additional sinusoidal signal of twice the
frequency (amplitude: b):

UC = a · sin(ωelt) + b · cos(2ωelt). (1)

(b)

(a)

A

B

Fig. 1. (a) Implemented HAC-K-L setup with the added components on the
top and right side. Signal generator A is used for the topography scan, to
mechanically excite the cantilever and to provide the reference frequencies
(ωm, ωm-ωel) to the lock-in amplifiers. A KPFM controller modulates
amplitude b of signal generator B, which provides UC . The signal b is
recorded and used in a post-processing step to calculate the surface potential
map ϕ = b/2. (b) Camera view of the setup with the cantilever and the gold-
aluminum test sample underneath as used in the experiments.

The electrostatic force Fel acting on the tip-sample system is
usually expressed as a capacitor model:

Fel =
1

2

∂C

∂z
(ϕ− UC)

2, (2)

where ∂C/∂z is the capacitance gradient between the tip
and the sample at the separation z, ϕ is the local surface
potential to be measured and UC the applied voltage on the
cantilever. Inserting (1) into (2) leads to various electrostatic
force components at several frequencies:
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. (3)

AC-KPFM determines the surface potential ϕ by measuring
the cantilever deflection amplitude at the frequency ωel

(Lock-In B in Fig. 1(a)). A feedback controller is then used
to nullify Fωel

by adjusting amplitude b, such that b = 2ϕ.
The recorded signal b is then used in a post-processing step
to calculate the surface potential ϕ = b/2. To make use of
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the high Q-factor of AFM cantilevers and to thus increase
the signal-to-noise ratio (SNR), ωel is usually set to the
resonance frequency of the cantilever. Next to the advantage
that AC-KPFM is dc-bias-free, it also features twice the
control sensitivity as compared to conventional AM-KPFM.
However, AC-KPFM is equally sensitive to the electrostatic
force (see (3)) and features therefore a poor spatial resolution,
a lift height dependence and limited surface potential accuracy
arising from the averaging effect.

Heterodyne detection is achieved by exciting the cantilever
not only electrically by the application of UC , but also
mechanically during the surface potential measurement. By
driving the dither piezo at the frequency ωm the separation z
of the cantilever to the sample can be modelled as:

z = z̄ +A · sin(ωmt), (4)

where A is the amplitude of the cantilever deflection at ωm and
z̄ is the mean lift height of the cantilever in the interleave scan.
The Taylor-Expansion of the tip-sample capacitance gradient
is therefore [24]:

∂C

∂z
≈ ∂C

∂z

∣∣∣∣
z̄

+A · ∂
2C

∂z2

∣∣∣∣
z̄

· sin(ωmt). (5)

Inserting the altered capacitance gradient (5) into (3) results in
frequency mixing of the mechanical and electrical excitation
at ωm and ωel, respectively. The force term at ωm-ωel is used
in this implementation and has the following form:

Fωm-ωel
=

A

4

∂2C

∂z2

∣∣∣∣
z̄

· a(2ϕ− b) · cos[(ωm-ωel)t]. (6)

This electrostatic force term leads to a deflection of the
cantilever, which again is nullified by controlling b, such that
b = 2ϕ. In contrast to AC-KPFM, the measurement is sensitive
to the second derivative of the tip-sample capacitance, which
is equivalent to the electrostatic force gradient, instead of
the electrostatic force itself. Therefore, heterodyne AC-KPFM
mitigates the contribution of the cantilever cone and beam and
thus improves the spatial resolution. From (6) follows that a
large mechanical drive amplitude A is favourable in order to
get a good SNR. This can be achieved by setting ωm to the
second flexural mode of the cantilever, while keeping ωm-ωel

at the fundamental resonance frequency, by an appropriate
choice of ωel. However, the sole implementation of heterodyne
detection is still not accurate enough to quantitatively image
nanoscale structures, which becomes more evident in the
experimental section. A further increase in spatial resolution of
the measurement can be achieved by reducing the tip-sample
distance during the potential measurement as can be seen in
Figure 2. Since the heterodyne detection requires a mechanical
cantilever excitation, directly making use of the oscillation
during the topography scan proves to be useful. This not only
enhances the SNR and spatial resolution, since the mean tip-
sample distance z̄ is at its minimum (Fig. 2) and therefore
∂2C/∂z2 at its maximum, it also doubles the measurement
speed as the interleave scan is no longer required. An eventual
crosstalk between the topography- and the surface potential
measurement can be neglected as the two modes operate

++ ++ - --
- -+

Fig. 2. Principle of dual-pass (1-2-3) and single-pass (1) operation. In single-
pass operation, the mechanical cantilever oscillation with the amplitude A of
the topography measurement (intermittent contact mode) is directly used for
heterodyne detection in HAC-K-L.

Fig. 3. Topography image of the used sample with stripes of varying metals
(gold-aluminum). A representative height profile is shown for clarity.

on different frequencies (ωm, ωm-ωel) usually separated by
tens of kHz. Additionally, the nullifying principle of the
closed-loop operation ensures negligible cantilever oscillation
caused by the electrostatic force (Fωm-ωel

∼= 0). In terms of
setup complexity, the introduced technique is comparable to
conventional KPFM modes. It can be upgraded to existing
AFM systems using standard hardware components like lock-
in amplifiers, signal generators and controllers.

III. SETUP AND EXPERIMENTAL DETAILS

The setup in Fig. 1 is implemented on a commercial AFM
(Multimode 8, Bruker, USA) using external signal generators
(33522B, Keysight Technologies, USA) for providing UC , to
mechanically excite the cantilever and to provide the reference
frequencies to the lock-in amplifiers. The external lock-in-
amplifier Lock-In B (SR844, Stanford Research Systems,
USA) is used to demodulate the cantilever deflection. Its band-
width is set to 10 kHz and kept constant throughout all mea-
surements. A proportional-integral (PI) controller (KPFM con-
troller) implemented on a rapid prototyping system (DS1005,
dSpace, Germany) is used to modulate the amplitude b of
UC , in order to nullify the demodulated in-phase deflection
amplitude (X). The AFM further consists of a Nanoscope V
controller and a signal access module (SAM) for the access of
specific signals, e.g. the cantilever deflection. The amplitude b
is recorded and used alongside the topography scan in a post-
processing step to generate the surface potential map: ϕ = b/2.
Overall gold coated cantilevers (4XC-GG, Mikromasch, USA)
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with a nominal tip radius of 30 nm, a resonance frequency of
f0 = 79.8 kHz and a nominal stiffness of k = 2.5 N/m are
used in all measurements. For the topography measurement,
which is done in intermittent contact mode, and the mechan-
ical excitation in the interleave scan, a driving frequency of
ωm = 2π· 494 kHz is selected, as the second flexural eigen-
mode of the cantilever is determined at this frequency. For
heterodyne operation (HAC-K-L), the electrical excitation is
applied at ωel = 2π· 414.2 kHz with an amplitude a = 2 V,
resulting in a force component at ωm-ωel = 2π· 79.8 kHz, the
resonance frequency of the cantilever. For the use of AC-
KPFM an electrical drive frequency of ωel = 2π· 79.8 kHz
with the same amplitude a = 2 V is used. However, the choice
of which mode operates on which cantilever-eigenmode is not
predefined and can be chosen freely. This only affects the SNR
and has no impact on the general working principle [25].
The method is first verified on a test-sample (KPFM & EFM
Sample, BudgetSensors, Bulgaria), which features stripes of
alternating materials (aluminum and gold) on an oxide covered
silicon substrate separated by a ∼500 nm wide trench. The
height of the stripes is almost identical (see Fig. 3), therefore
minimizing possible topographical crosstalk caused by the
sample. A surface potential contrast arises from the different
work functions of the materials, creating a contact potential
difference (CPD). Additionally an external bias can be applied
to either material to set a known potential difference. Fur-
thermore measurements on a nanoscale biological sample in
air and aqueous solution are carried out. To this end, collagen
fibrils are prepared from rodent tail tendon [26] and deposited
on a bare n-doped silicon substrate. After measurements at am-
bient conditions in air, the sample and cantilever are immersed
in highly deionized water (milli-Q water, Millipore, USA)
using a liquid-cell (MTFML, Bruker, USA) together with an
o-ring for sealage. Due to increased damping and effective

(a) (i)

(i)(b)

(ii)

(ii)

Fig. 4. (a) Sweep of the lift height (i.e. tip-sample distance) during the
surface potential measurement on the Au-Al-Au sample in air using (i) AC-
KPFM and (ii) HAC-K-L. (b) Cross sections for each segment in the recorded
images, where the arrow denotes the direction of increasing lift height. The
choice of the tip-sample distance in dual-pass operation has a major impact
on the measurement result of force-sensitive AC-KPFM, whereas with the
heterodyne detection this artefact is not present.

mass in water, the resonance frequencies of the cantilever
changes. The driving frequencies are therefore adjusted to
ωm = 2π· 267 kHz and ωel = 2π· 219 kHz.

IV. EXPERIMENTAL RESULTS

A. Lift height dependence in Dual-pass operation

Fig. 4(a) shows the measured surface potential in dual-pass
operation, when sweeping the lift height from 25 nm up to
300 nm for conventional AC-KPFM (i) and HAC-K-L (ii).
The cross sections (b) reveal a clear dependence on lift
height when operating with AC-KPFM. As discussed in the
introduction, the long-range electrostatic force not only acts
on the tip apex but also on the cantilever cone and beam.
In the experiment the cantilever beam extends mainly over
the Al-pad (Fig. 1(b)). Meaning, that when increasing the
distance to the surface and therefore also the contribution of
the beam, the measured potential on the Au-pad approaches
the value of the Al-pad. A careful choice of the lift height
and the cantilever direction is therefore essential, when
operating with amplitude modulated KPFM modes to deal
with this cantilever and lift height induced artefact. With the
heterodyne detection on the other hand this dependence on
the lift height is greatly reduced due to its proportionality
to the more localized electrostatic force gradient. Even at
large distances (i.e. 300 nm) above the sample it provides the
same quantitative result as for small lift heights and is thus
less prone to variations of measurement parameters. Along
with this advantage comes a drawback of the heterodyne
detection. As the electrostatic force gradient features a
rapid decline away from the surface, large lift heights lead
to small forces and therefore a reduced SNR. However,
the SNR can be noticeably enhanced by either increasing
the mechanical or the electrical drive amplitude A and a,

(a) (i)

(i)(b)

(ii)

(ii)

Fig. 5. (a) Sweep of the externally applied bias voltage on the Al pad,
while keeping the Au potential on ground in air for (i) AC-KPFM and (ii)
HAC-K-L (lift height = 25 nm). (b) Cross sections for each segment in the
recorded images, where the arrows denote the direction of increased bias. Due
to averaging in amplitude modulated AC-KPFM the applied voltages are not
accurately measured as the difference of the -1 V and +1 V lines on the Al
pad is less than 2 V, which is greatly improved with the heterodyne detection.
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respectively (as described by (6)) or by minimizing the lift-
height through single-pass operation as discussed in section C.

B. Voltage accuracy and spatial resolution
Fig. 5 shows the measured surface potential on the same

position as in the previous section at a lift height of 25 nm
when sweeping the external bias voltage on the Al-pad, while
keeping the Au-pad at ground potential. With AC-KPFM the
measured surface potential between the +1 V and -1 V plateau
on the Al-pad is clearly less than 2 V. This is again at-
tributed to the averaging effect present in amplitude modulated
KPFM modes. Additionally, capacitive signal crosstalk [27]
can induce an offset in the feedback loop, leading to erro-
neous results. With HAC-K-L on the other side the detection
frequency (ωm-ωel) differs from the drive frequencies (ωm,
ωel). Eventual crosstalk is therefore not interfering with the
measurement, as it is filtered by the narrow bandwidth of the
lock-in-amplifier leading to more accurate potential values.
In addition, the heterodyne detection indicates an increased
spatial resolution visible through the more pronounced dip
in the -1 V potential curve. It arises from the different work
function of the underlying oxide covered silicon substrate that
is exposed at the transition. The increased resolution can also
be seen by the steeper transition of the other curves. The rise
width (10 % - 90 %) of the measured surface potential (+1 V)
is determined to be 1.99 µm for AC-KPFM and 1.25 µm for
HAC-K-L, which is an improvement of 37% at a lift height
of 25 nm.
However, in order to quantitatively image nanoscale structures
an even higher level of detail and accuracy is required, as
discussed in the next section with the implementation of
single-pass operation.

TABLE I
DEVIATION OF THE MEASURED SURFACE POTENTIAL DIFFERENCE

(AU-AL) TO THE APPLIED BIAS AND RMS NOISE OF THE INDIVIDUAL
MODES (EXTRACTED FROM FIG 6(C)).

AC-KPFM Dual-pass
Bias CPD σ
(V) (mV) (mV)

1.00 -316 3.1
0.75 -162 2.7
0.50 -5 2.9
0.25 150 2.9
0.00 304 2.9

-0.25 458 3.4
-0.50 612 3.3
-0.75 764 3.2
-1.00 916 2.9

span: 1232 σ̄: 3.0

AC-KPFM Single-pass
Bias CPD σ
(V) (mV) (mV)

1.00 13 4.3
0.75 127 3.0
0.50 240 3.0
0.25 355 3.1
0.00 465 3.1

-0.25 582 3.5
-0.50 701 3.2
-0.75 819 3.1
-1.00 939 3.4

span: 926 σ̄: 3.3

HAC-K-L Dual-pass
Bias CPD σ
(V) (mV) (mV)

1.00 326 29.1
0.75 356 28.2
0.50 387 28.9
0.25 400 28.6
0.00 423 27.8

-0.25 476 27.9
-0.50 492 27.7
-0.75 518 27.8
-1.00 551 29.1

span: 225 σ̄: 28.3

HAC-K-L Single-pass
Bias CPD σ
(V) (mV) (mV)

1.00 498 16.4
0.75 487 17.8
0.50 493 16.4
0.25 484 16.3
0.00 500 18.4

-0.25 501 15.9
-0.50 508 16.1
-0.75 506 15.4
-1.00 522 15.8

span: 38 σ̄: 16.5

C. Dual-pass vs. Single-pass

Figure 6(a) shows the comparison of AC-KPFM (i,ii) and
HAC-K-L (iii, iv) for both, dual- and single-pass configuration.
In order to check the capability of either mode to correctly
quantify the surface potential at nanoscale structures, the
narrowest Au-Al-Au test structure of the sample is used (Al

(a)
(i) (ii)

(iii) (iv)

(b)

(c)

3µm

Fig. 6. (a) Sweep of the bias voltage on the aluminum pad during surface potential measurements using AC-KPFM and HAC-K-L in dual-pass and single-pass
configuration (i-iv) at ambient conditions. The graphs next to the recorded images show cross-sections as indicated in (i) and the applied bias as reference.
(color scale: 2 V) (b) Topography of the measured sample area with the slow scan axis disabled. (color scale: 100 nm) (c) Deviation of the measured potential
difference between the two electrodes (line 1 - line 2) to the applied bias voltage. An expected constant value corresponding to the natural contact potential
difference (CPD) of the metals is only observed with HAC-K-L single-pass.
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pad width: 800 nm), whose topography is shown in Fig. 6(b).
Again, the Au electrode is held at ground potential, while the
bias voltage on the Al-pad is swept. The cross-sections reveal
the measured quantitative values of the respective measure-
ment modes. Since only the applied potential of the Al-pad is
swept, the cross-section on the Au-pad (1, dashed line) should
be constant, while the cross-section of the Al-pad (2, solid line)
should follow the applied bias voltage (Ref). For AC-KPFM
the applied bias steps are not only observed above the Al-pad
but also above the grounded Au-pad due to the poor locality of
the measurement. Although, this effect reduces when measur-
ing the surface potential simultaneously with the topography
scan in (ii) (i.e. lift height = 0 nm), a clear dependence of
the measured Au potential on the applied Al bias is still
observable. Vice versa, the measured potential on the Al-pad
does not follow accurately the applied bias (see dashed black
line as reference). The resulting potential difference (Au pad -
Al pad) in relation to the applied bias as shown in Fig. 6(c) is
therefore not constant. Using heterodyne detection in dual-pass
configuration (iii) greatly enhances the measurement accuracy
but still results in a deviation from an expected constant
value, which should reflect the bias-independent natural CPD
of the metals. Reducing the tip-sample distance with single-
pass operation (iv) not only further enhances the measurement
accuracy but also increases the SNR visible in the reduced
noise-level between (iii) and (iv). The extracted quantitative
data is given in Table I. As discussed, a constant CPD
with a minimal span and standard deviation σ is favourable.
While AC-KPFM may be able to distinguish the different
materials on the sample, the large influence from the applied
bias voltage (CPD span of: 1232 / 926 mV) shows that it
is not suitable for performing quantitative surface potential
measurements at these structure sizes. Although HAC-K-L
single-pass with σ̄ =16.5 mV features a worse SNR than
AC-KPFM (σ̄ ∼= 3 mV), which is caused by the heterodyne

detection, its measured CPD span of 38 mV over a bias range
of 2 V highlights its superior capability to quantitatively image
potential distributions of nanoscale structures.

D. Surface Potential of Collagen Fibrils in Air

To further analyze HAC-K-L and to assess its applicabil-
ity to biological samples, measurements on collagen fibrils
are carried out and shown in Fig. 7. Collagen is the most
abundant protein in mammals as it is a major component
of the extracellular matrix and is therefore of great scientific
interest. The topography scan (a)(i) reveals its characteristic d-
banding pattern which is a result of overlapping protein fibers
exhibiting gaps of well defined periodicity. Three individual
fibrils of different diameter are imaged, whose height is deter-
mined to 29 nm, 55 nm and 102 nm (see cross-sections in (iii)).
The simultaneously captured surface potential distribution (b)
using HAC-K-L single-pass provides the same quantitative
potential values irregardless of the fibrils height (iii). The fact
that all fibrils show the same surface potential, despite their
significant difference in height and width, indicates that the
surface potential can be measured correctly. It is therefore
concluded that HAC-K-L single-pass is suitable for imaging
nanoscale biomolecules as it provides plausible results for
structures below 100 nm width.

E. Surface Potential of Collagen Fibrils in Liquid

The main advantage of AC-KPFM over conventional KPFM
is the use of a second high frequency ac voltage instead
of a dc-bias for the compensation of the electrostatic force.
Up to now, this dc-bias has hindered the usage of KPFM
in aqueous solutions due to induced electrolysis and other
parasitic electrochemical effects [28]. AC-KPFM with the
extension of heterodyne detection and single-pass operation

(a)
(i)

(b)
(i)

(ii)

(ii)

(iii)

(iii)

Fig. 7. (a) Topography image (i) of three individual collagen fibrils on a silicon substrate in air with the corresponding error image (ii). Cross sections (iii)
of each fibril as indicated in (i). The cross section integrated in (i) visualizes the characteristic d-banding pattern of collagen (scale bar: 2 nm). (b) Surface
potential (i) measured with HAC-K-L single-pass simultaneously to (a) with the corresponding error image (ii). Cross sections averaged over 5 lines (iii) of
the measured potential as indicated in (i).
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(ii)

(iv)(iii)

(i)

Fig. 8. Topography of several collagen fibrils measured in deionized water (i)
and air (ii). (color scale: 250 nm) Simultaneously measured surface potential
in deionized water using HAC-K-L (iii) with its corresponding error image
(iv). (color scale: 0.3 V)

has the potential to overcome this hurdle and thus enable quan-
titative surface potential measurements of nanoscale structures
in aqueous solutions. Figure 8 shows the measurement of
the topography (i) and surface potential distribution (iii) of
several collagen fibrils imaged in deionized (milli-Q) water.
The topography of the same area imaged in air is given in (ii)
for comparison. Due to hydration and the associated swelling
of the fibrils (diameter increased by ∼48 %), the d-banding
pattern is no longer observable in the topography image
[29]. The measured surface potential and the corresponding
error image (iv) show that stable HAC-K-L operation with
nullification of the electrostatic force is possible in liquid
environments. The seemingly worse noise level as compared
to measurements at ambient conditions mainly originates from
increased damping (lower Q factor) of the cantilever in water
and the presence of mobile ions. It is expected. that this can
be counteracted by increasing the measurement frequencies,
in order to impede ionic motion or by using larger drive
amplitudes [30].
In summary the results show, that HAC-K-L greatly increases
the measurement accuracy and spatial resolution of Kelvin-
probe techniques, thus enabling quantitative surface potential
measurements on nanoscale biological samples such as col-
lagen fibrils, while additionally extending its applicability to
aqueous environments.

V. CONCLUSION

The presented heterodyne AC Kelvin-probe force mi-
croscopy mode (HAC-K-L) enables quantitative surface po-
tential measurements of nanoscale samples in air and liquid
(aqueous) environments. Due to the heterodyne detection,
the mode is sensitive to electrostatic force gradients rather
than forces, such as in conventional amplitude modulated
KPFM modes (i.e. AM-KPFM, AC-KPFM). This makes the
measurement more dependant on the localized forces at the
tip apex, thus improving the spatial resolution. By additionally
making use of the cantilever oscillation during the topography
scan (single-pass) and therefore reduced tip-sample distances
throughout the surface potential measurement, accuracy and
SNR are increased further. Measurements on a gold-aluminum
test sample and collagen fibrils demonstrate its capability
of performing quantitative surface potential measurements of
nanoscale structures, its applicability to biological samples
and extension of the measurement environment to aqueous
solutions. With this ability, several applications ranging from
corrosion studies to glycation of collagen can be envisaged,
which is part of ongoing and future work.
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