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Abstract

Kelvin probe force microscopy is a scanning probe technique used to quantify the local electrostatic potential of a surface. In
common implementations, the bias voltage between the tip and the sample is modulated. The resulting electrostatic force or force
gradient is detected via lock-in techniques and canceled by adjusting the dc component of the tip—sample bias. This allows for an
electrostatic characterization and simultaneously minimizes the electrostatic influence onto the topography measurement. However,
a static contribution due to the bias modulation itself remains uncompensated, which can induce topographic height errors. Here, we
demonstrate an alternative approach to find the surface potential without lock-in detection. Our method operates directly on the fre-
quency-shift signal measured in frequency-modulated atomic force microscopy and continuously estimates the electrostatic influ-
ence due to the applied voltage modulation. This results in a continuous measurement of the local surface potential, the capacitance
gradient, and the frequency shift induced by surface topography. In contrast to conventional techniques, the detection of the topog-
raphy-induced frequency shift enables the compensation of all electrostatic influences, including the component arising from the
bias modulation. This constitutes an important improvement over conventional techniques and paves the way for more reliable and
accurate measurements of electrostatics and topography.

Introduction

Electrostatic forces are important interactions in non-contact
atomic force microscopy (NC-AFM). They arise from differ-
ences in the work function of the tip and the sample, from
trapped charges, or from potentials applied to active nanoelec-
tronic devices. Kelvin probe force microscopy (KFM) is a tech-

nique used to quantitatively characterize such electrical proper-

ties [1-3]. It is applied to map material compositions via
changes in the work function, to localize charge distributions in
dielectric samples [4,5], and to characterize doping profiles via
scanning capacitance measurements [6]. Especially in the field
of nanoelectronic devices, this kind of electrical characteriza-

tions is of great interest. Local potential drops across active
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nanostructures reveal information about the local resistivity and

can provide crucial insights into the operation mode [7,8].

The principle of KFM is based on modulating the electrostatic
force or force gradient. To this end, the tip—sample bias voltage
is set to

U =Uge +U,c Cosopt. 1)

When modeling the tip—sample system as a capacitance, the re-
sulting electrostatic force is defined as

1oC

2
by = Ea_z(Uts - Ulcpd) ; 2)

where C is the tip-sample capacitance and Ujcpq is the local
contact potential difference. Uycpq contains information about
both the contact potential difference and the potential arising
from charge interactions [9,10]. Consequently, the electrostatic

force gradient is given by

2
el _10°C 2
ki _5 622 (Uts _Ulcpd) : 3

It should be noted that capacitance C can be a function of not
only the distance z but also of the applied bias voltage Uy. This
should be observed especially at large bias in conjunction with a
semiconducting tip or sample due to band bending [11]. In this
case, the model can be extended by considering the Taylor
expansion of the capacitance with respect to the tip—sample
bias, defined by

8C(z,0)(

C(z,U)=C(2,0)+ Uss ~Usepa)- )

Different spectral components arise due to the electric modula-
tion at w,,. Namely, a static component (dc) as well as compo-
nents at the modulation frequency wy, and at the second
harmonic frequency 2w,,. These spectral components are
defined by

kel = kEHe 1 kS cos (@t ) + A2 cos (20p1 ), (5)
with
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In conventional frequency-modulated (FM-) KFM, the contri-
butions at w,, and 2w, are detected via lock-in techniques,
either at the Af output of a phase-locked loop (PLL) [12] or by

detecting the sidebands of the cantilever oscillation [13].

In closed-loop FM-KFM, a feedback loop is employed to
nullify the component at w,, by adjusting Ug.. The surface
potential is then found as Ujepq = Uqe. The response at the
second harmonic contains additional information about the ca-
pacitance gradient C" = 92C/9z2. This signal is interesting in
itself as it contains information about both geometric and elec-
tronic properties of tip and sample, e.g., the dielectric proper-
ties of a sample or the quantum capacitance [14]. Furthermore,
this signal can be used to adjust the sensitivity of the KFM feed-
back loop [15].

Open-loop KFM techniques exploit the relationship of the
contributions at wy, and 2wy,. Namely, Ujcpg can be found from
their ratio kfsl’“)/kfsl’zo’ = 4(UdC ~Ulgpd )/Uac , which otherwise
only depends on the parameters of the applied modulation, U,
and Ug.. When applying KFM as an open-loop technique, opti-
mization of filter parameters is possible, leading to an im-

proved controller performance [16].

For correct height measurements, it is necessary to compensate
the electrostatic forces [17-19]. With a closed KFM loop, these
forces are minimized by definition. However, a static contribu-
tion, which is defined by

el __& elde __Jo 'Y L
Meam == 3¢ Kirem =553 27 2 ©)

remains uncompensated. This component results from the bias
modulation itself and influences the topography measurement.
The effect is amplified when a significant change in the capaci-
tance gradient is present. To reduce the impact of this compo-
nent onto the height measurement, the modulation amplitude
U,c must be minimized. Since the signal-to-noise ratio (SNR)

scales with Uy, this is only possible to a certain extent. Another
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possibility for compensating the remaining frequency shift is
the use of two-pass methods with feed-forward compensation
techniques [20,21].

In this paper, we present a time-domain (TD) controller for
KFM as a single-pass solution to the problem outlined above.
Our method uses a Kalman filter as a state observer to continu-
ously recover the full Af(U) parabola, also named Kelvin
parabola. The maximum frequency shift Afopo, the contact
potential difference U)cpq, and the capacitance gradient C’ are
evaluated in real time.

When applied as closed-loop technique, the height feedback can
be performed on Afiypo, Where all electrostatic forces are
compensated, including the static contribution Afrglm. So far,
recovering and fitting the Kelvin parabola is known as an open-
loop technique, the so-called Kelvin probe force spectroscopy
[22-25]. A real-time closed-loop technique has not been re-

ported yet.

Furthermore, our method automatically determines the esti-
mated error signals and the signal correlation coefficients. The
error signals of the sample properties contain an evaluation of
the accuracy at each position, which depends on the present sur-
face properties due to the nonlinearity of the system. The signal
correlation coefficients contain information about coupling and
crosstalk between the channels estimated. Our method can be
applied in closed-loop as well as in open-loop mode. Results of
both modes are discussed in this paper.

Detection Principle
The overall frequency shift in FM-AFM can be separated into a
component induced by surface topography, Afiop,, and a com-

ponent induced electrically, Af;, therefore
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The coefficient a is proportional to the capacitance gradient C”
and has the unit of Hz V2. It is one of the three sample proper-
ties that are continuously estimated by the controller. The addi-
tional two estimated properties are Afyyp,, and the surface poten-
tial U, lepd-

By applying a sinusoidal modulation to the tip—sample bias Uy,
the parabolic dependence in Equation 10 can be observed. An
example of the resulting Kelvin parabola is shown in Figure 1.
The data was obtained above a single-layer graphene flake. The
figure shows the influence of the three sample properties on the
shape of the parabola and gives an overview of the different
components of the frequency shift Af.

Traditional closed-loop controllers for KFM use lock-in tech-
niques to measure the response of the cantilever at the modula-
tion frequency wp, (not visible in Figure 1 since Uqe = Ulcpq)
and at 2wy, [13,26,27]. A feedback loop is used to adjust Uy, in
order to nullify the component at w,. If this is achieved, the re-
sulting Afinean, Which is used for the topography control, is in-
dependent of the surface potential. However, it is still affected
by the static contribution Afiep. As can be seen in Equation 9,
this component depends on C" and may change across material
borders, inducing a topographic height error.

The approach discussed in this paper tracks the time-resolved

Af-response to the applied bias voltage. A state observer based

Uss [VI]
2
). [\ A\
AV \/
Af [Hz]
-57
-65
-73
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time [ms]

Figure 1: A modulation of the tip—sample bias Us leads to a response in the frequency shift Af. The time-resolved measurements of both signals are
shown on the right, the resulting Kelvin parabola on the left. From this information, the controller continuously estimates the contact potential differ-
ence Ulepg, the capacitance gradient C", and the frequency shift due to the topography alone, Afiopo- Sample: Single-layer graphene on SiOg; Tip:

Olympus AC240TM-R3.
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on an extended Kalman filter is used to continuously fit the re-
sulting parabola. The output of the time-based controller is an
estimation of the topography-induced frequency shift Afiopo
(which is not affected by Afie), the surface potential Ujcpq, and
the coefficient a. Since our technique is based on the time
domain, it is not limited by the bandwidth of additional filters in
the loop, for example lock-in amplifiers. Therefore, we expect
to achieve higher bandwidths compared to standard KFM

implementations.

An asymmetrical bias dependence, as caused by band bending,
may be included. When considering the Taylor expansion in
Equation 4, the overall frequency shift results in

& 826C( a )3
4k oo S Y T
=b

2
Af = Aftopo —a (Uts - Ulcpd) -

The sample property b is introduced to the estimator as an addi-
tional state. This gives the controller the ability to locally fit a
third-order parabola to the KFM data. Similarly, other sources
of asymmetry may be included here, although the detectability
of the system needs to be confirmed. For instance, the polariz-
ability of a sample could be added through an additional state y
and by moditying Equation 10, e.g., according to Equation 8 in
[28].

For the sake of simplicity, this publication focusses on the
implementation of the most basic case with three states, where
only the quadratic influence on the Kelvin parabola is consid-
ered. The model of the measurement system, which is used by
the state observer, has to include the dynamics of the detection
system. If a PLL is used, its transfer function, which is known
for a given cantilever and given PI gains, can be approximated
by the transfer function of a low-pass filter.

Using the relationship shown in Equation 10 and the transfer
function of the detection system, the sample properties, the ex-
pected error signals, and the correlation coefficients can be de-
termined from the bias dependence of the frequency shift
Af(Uy). For robust estimation, it is beneficial if the surface
potential Uycpq is within the modulated bias voltage Uy(r). A
single-sided modulation on one branch is feasible but not

recommended.

Controller Design

The state-space representation of the Kelvin system and the
detection system are derived separately, using the superscripts
K and D, respectively. The two subsystems will be merged in
Equations 22-26. An illustration of the two subsystems in the

overall KFM model is shown in Figure 2a.
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The Kelvin system, i.e., the measurement system without the

detector, has the state vector

K T
X :(Aftopo,k Ulepd,k “k) (12)

Index k is the discrete sampling applied, #;, = kAz. The model
assumes that the sample properties remain constant between

two discrete measurements, thus

K _ K K
X =X T Wi (13)

Deviations from this assumption, for example due to scan

movement, are introduced by the vector

K T
Wi :|:Wt0po,k Wicpd, k Wa,k] (14)

This vector, the so-called transition noise vector, is anticipated

to be Gaussian white noise N(O,QK) with the covariance

matrix
QtOpO 0 0
Q“=| 0 Qgpa O (15)
o 0 o,

The output of the Kelvin system is the scalar value of the
intrinsic frequency shift Aka. It is defined by

ARE = a7 (5 U (1)) + o (16)

AE = HEE +0F, (17

using the definition in Equation 10. The measurement noise v,‘f
is assumed to be Gaussian white noise and is defined by
v,If ~N (O,Rth). This is the case for measurements where ther-
mal noise is the dominating noise source, i.e., when the modula-
tion frequency is below the crossover of thermal white noise
and (with increasing frequency) detection noise [29]. The power
spectral density (PSD) of the thermal noise can be calculated as

gt _ JoksT

nkQA% (18)
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Figure 2: Design and operation of the time-domain KFM controller. (a) Underlying system model. (b) Measurement setup. The estimated topography-
induced frequency shift, Afi,,,,, can be used in place of Af to minimize electrostatic height errors (switch S1). The electrostatic force gradient between

tip and sample is minimized by adding Ujcyq as a dc bias to Uss (switch S2).

For detection-noise-limited measurements, an additional state
has to be introduced to keep track of the dynamics of the

apparent noise.

The approximation in Equation 17 contains the system output
matrix HE It depends on the current tip—sample voltage U
and linearizes the system around the state x,If. It is defined by

HK:%

k ox (19)

‘ .
X Uts k

The intrinsic frequency shift, Aka, then enters the detection
system, which is modeled by the linear time-invariant system
represented by the state transition matrix FP, input matrix GP,
output matrix HP, and feed-through coefficient DP:

xP =FPxP , +GPaArK,, (20)

AP =HPxP + DPARK +02. @1)

The observed frequency shift Af; corresponds to the output of
the detection system, Af}cD. If a PLL is used as a detection tech-

nique, the above system can be approximated by a low-pass
filter. The noise introduced at the output of the detection system
is modeled by Gaussian white noise with v}? ~ N(0, RD).

Merging the two subsystems leads to the state-space representa-
tion given by

T
X, = (XE x,]?) (22)
X =KX+ Wi, (23)
Afk =Aka =Hkxk +Vk’ (24)
with
I; 0
F, = H, - [DDHK HDJ, (25)
k GDHkK FD k k
and the transition and observation noise
T T
Wy = [ka v}f 0 0} and v, = v,]?. (26)
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The state observer uses the derived state-space description of
the measurement system for continuously evaluating x¥, i.e.,
the sample properties, according to the measured frequency
shift. Due to the nonlinearity of the system, nonlinear state esti-
mation is required. The extended Kalman filter (EKF) is a
straightforward and computationally efficient method for
dealing with such systems. The implementation shown uses the

notation of Simon [30].

The algorithm starts with an arbitrary initialization of the a
posteriori state estimate fcar and the initial state covariance
matrix P§ (e.g., X5 =0 and Py =o0). Afterwards, two steps
have to be applied for each iteration k. The prediction step
calculates the a priori estimate X, from the previous a poste-
riori estimate X;_; according to

o ot
X = F X 27

Note that Fy_ contains the linearization through the output
matrix H?_l and has to be updated beforehand. The lineariza-
tion step shown in Equation 19 is performed around the last
estimate f(kK_J’l and the known bias voltage Uy 1. Similarly, the
system a priori covariance matrix P is calculated from P,‘J;] as
in

P =F_ P F_+Q, (28)
with the transition noise matrix
K ,-1
Q™ / 0
Q=" " (29)
0 Q" J;

The transition noise matrix of the detection system QP is the
zero matrix with the PSD of the thermal noise R™ at its top-left
position. The covariance matrix QX contains the assumed PSD
of the sample properties. The values of QX are design parame-
ters and determine how much change may be expected between
two sampled points. For the TD controller, these values repre-
sent the gain of each estimated channel. The sampling-rate-in-
dependent continuous noise density QX (QP) is divided (multi-

plied) by f; to obtain the discrete noise density Q.

After the prediction step, a measurement update is performed.
The Kalman gain K is calculated as

-1
K, = PeH] (HPcHE RS ) (30)

Beilstein J. Nanotechnol. 2020, 11, 911-921.

It determines how much weight should be put onto the current-
ly measured Afy. Again, H; has to be updated before using
Equation 19 where the linearization is made around the time-

updated state 357 and the current bias voltage Uy k.

The a posteriori estimate X} and covariance P} are then calcu-
lated as

;=% +K; [Afk_Hkﬁz:L 31

P/ =(I-KH;)P,. (32)

The a posteriori values are considered to be the best estimates at
time k. During the estimation, a negative value for the coeffi-
cient a may result. Due to the definition in Equation 10, this is
physically not valid and can be corrected by projecting state iz

back to the allowed region [31].

The state covariance matrix Pk+ provides additional information
about the measurement. The estimated variances o; ; of state x;
are the diagonal values of P; and represent the expected error
signals. These values have to be interpreted carefully since they
depend on the design parameters in QK. A small value for Q; is
interpreted as an increased confidence towards the prediction of
this channel resulting in a smaller variance. However, due to the
nonlinearity of the measurement system, the error signals also
depend on the estimated sample properties. This allows one to
distinguish regions where an increased SNR can be expected
from regions where the controller is less confident due to a
smaller SNR.

Furthermore, the correlation coefficients can be calculated as

—

corr (% )= diag(P,:r )7% P,:rdiag(P,:r )7 . (33)

They contain information about coupling and crosstalk between
the different states. If the magnitude of a correlation coefficient
is close to one, crosstalk between these two channels has to be
expected, while a value close to zero means little to no

crosstalk.

The measurement setup is shown in Figure 2b. The estimator
can be applied in both open-loop and closed-loop mode. When
using Af’topo as control signal for the topography measurement

(switch S1), the controller aims to nullify the electrostatic
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height error. The electrostatic force between tip and sample is
minimized when adding Ulcpd as dc bias to U (switch S2). If
the topography control uses Aiopo 8 feedback signal, the elec-
trostatic forces are compensated already, even for an open KFM
loop. Nevertheless, closing the KFM loop prevents a single-
sided modulation where the controller is much less sensitive
and may lose its stability.

To initially tune the closed-loop controller, it helped to ap-
proach the sample with Af as feedback parameter and an open
KFM loop (open S1 and S2). After approaching the surface, the
input signals Af and Uy of the estimator and the reconstructed
surface properties Aftopo, Ulcpd and a were observed on an
external oscilloscope. The controller could be stabilized by
adjusting the values of the transition noise matrix QX. After the
output signals of the estimator were steady, both switches were

7o 1i2)

-20.8

-20 -19.2 2.1 213 216 2.19 222

Beilstein J. Nanotechnol. 2020, 11, 911-921.

closed. Note that the topography setpoint should be adjusted
before closing S1 because Afiopo 2 Afmean s illustrated in
Figure 1.

Results and Discussion

The performance of the TD-KFM controller is demonstrated on
multilayer graphene samples. The samples were obtained by
exfoliation from bulk graphite [32,33] and deposited on a piece
of Si/Si0;. Measurements were carried out using an Asylum
Research Cypher AFM connected to a Zurich Instruments HF2
lock-in amplifier.

Figure 3 shows the results of the open-loop controller. During
the FM-AFM measurement the tip voltage was modulated with
an amplitude of U,. = 1 V at f;;, = 500 Hz. The frequency shift
Af was obtained by using a PLL with a bandwidth set to

424 432 44 4.48

s (MV)

64 68 72 76 80

1.85

1.875 1.9 1.925

i corr(Uicpd, Aopo)

W S—

-0.12 -0.06 0 0.06 0.12

-04 -02 0

0.2 0.4

[Corr(nr 5|

k gy édr}zalépd;is) i

-0.3 -0.15 0 0.15 0.3 -0.3 -0.15 0 0.15 0.3

Figure 3: Open-loop TD-KFM of a few-layer graphene flake. (a) Topography, (b) estimated topography-induced frequency shift A, (c) estimated
surface potential Ucpq, and (d) estimated coefficient a. (e) The frequency shift Af was kept constant at —20 Hz by the topography feedback. (f-h)
and (j—-I) show the variance and mutual correlations of the estimated states, respectively. (i) Residual Af — Af of the estimation. Parameters:

Uae =1V, Uge = 4.3 V, fry = 500 Hz, fs = 3.6 kHz, PLL bandwidth: 1.5 kHz, R = 1.55 x 10~3 Hz2 Hz™, Qigpo = 4800 Hz? Hz, Qiepg = 10 V2 Hz,

Qa = 400 Hz2 V-4 Hz; Detection noise RP « R is neglected here. Tip: Olympus AC240TM-R3, A = 14 nm, k = 2.3 N m~', fy = 71.04 kHz, Q = 134,

Vecan = 2.5 pm s~1.
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1.5 kHz, such that the electrostatic contributions at f,, and 2f;,
were detected. Both tip voltage and frequency shift were re-

corded at a sampling rate of f; = 3.6 kHz.

The surface topography is shown in Figure 3a, the obtained fre-
quency shift is shown in Figure 3e. During postprocessing, the
recorded Af signal and bias voltage are fed to the TD-KFM
controller. From the hidden contributions at f;,, and 2f,,, the
state observer reconstructed the sample properties, which are
shown in Figure 3b—d. The topography-induced frequency shift
Afiopo in Figure 3b is far from the —20 Hz Af setpoint used for
the height feedback, indicating a large influence of the electro-
static force gradient. The material contrast present can be ex-
plained partially by differences in the surface potential, which
was not compensated during this measurement, and partially by

differing contributions due to Af!

rom- This contribution causes

the bias-induced height error and will be further discussed
below for the closed-loop demonstration. The estimate of the
surface potential, depicted in Figure 3c, reveals the electrostatic
potential above the graphene flake and the SiO, substrate. The
patterns observable on the graphene flake are most likely
caused by water droplets, which have formed due to the
ambient conditions [34,35]. Small changes in the patterns were
observed between two different scans (roughly 20 minutes
apart) due to adsorption and desorption. The estimate of coeffi-
cient a is depicted in Figure 3d, showing a material contrast
caused by the difference in the capacitance gradient. The ex-
pected state variances are shown in Figure 3f-h. Due to the non-
linearity of the KFM system, the uncertainty of an estimated
channel depends on the present state vector. A larger value for
coefficient a, for example, increases the SNR of the surface
potential measurement, leading to a smaller variance. A larger
confidence is then attributed to the Ujcpg channel. Conse-
quently, the expected error of the surface potential above the
graphene flake is smaller than that above the SiO; substrate.
The residual of the state observer Af—Af is shown in
Figure 3i. This signal contains the amount of the frequency shift
that could not be attributed to any surface property, for exam-
ple the estimated measurement noise. In the present case, a ma-
terial-dependent offset is visible. A mean value of 0.15 Hz can
be extracted above the graphene flake while an average value of
0.07 Hz is found above the SiO, substrate. This material-de-
pendent component indicates the presence of coefficient b,
which was approximated to be zero in the model assumptions.
The presence and the magnitude of coefficient b are discussed
in Supporting Information File 1, Figure S1. Figure 3j-1 shows
the correlation coefficients of the sample properties.

In the following, we demonstrate the application of the TD
controller as a closed-loop technique. The sample examined

consists of two overlapping single-layer graphene sheets,

Beilstein J. Nanotechnol. 2020, 11, 911-921.

forming a bilayer in the lower part of the image. For comparing
the TD controller to state-of-the-art KFM, the graphene flake
was initially scanned by standard FM-KFM using sideband
demodulation. A Kalman filter was used for optimal feedback
control during this measurement [13]. The results of the stan-
dard technique are shown in Figure 4a—c. A second measure-
ment was carried out using the TD-KFM controller. The topog-
raphy-induced frequency shift Aftopo was used as control signal
for the height feedback in this case. The results obtained from
the state observer are depicted in Figure 4e-h.

The topography measurement of the standard KFM technique is
influenced by the static contribution Afr‘;lm The contribution is
proportional to the coefficient a and, thus, changes across the
border of the graphene flake. The larger capacitance gradient
present in the region of the graphene flake (see Figure 4c and
Figure 4g) causes a more negative total frequency shift, which
leads to an additional retraction of the tip. Consequently, an
exaggerated height is measured. The TD controller is not
affected by this artifact.

The difference between the two topography measurements is
shown in Figure 4d. The height difference caused by the pres-
ence of Afr?m is roughly 2.6 nm, which is a large portion of the
height measured by standard FM-KFM. This points out the
importance of compensating the additional static contribution

Afrzlm induced by the electric modulation.

The height profiles shown in Figure 5 are extracted from the to-
pography images across the border of the graphene flake, as is
indicated in Figure 4. Figure 5a shows the measured topogra-
phy for both techniques and Figure 5b shows the obtained
difference.

Standard FM-KFM and TD-KFM found similar values for the
surface potential Ulcpq. In both cases, the resolution depends on
the controller settings and the same physical limitations apply.
The results of the surface potential measurements are shown in
Figure 4b and Figure 4f. The potential difference between the
single- and the bilayer graphene is roughly 70 mV, which is
similar to previously reported values [36].

The measurements of coefficient a are slightly different for the
two techniques. It has to be noted, that the capacitance gradient
is largely influenced by the tip—sample distance. The average
tip—sample separation during the measurement with the
standard KFM technique was larger above the graphene
flake and smaller above the SiO; substrate when compared to
the TD measurement. This led to an increased value for a above
the SiO, substrate and a decreased value above the graphene
flake.
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Figure 4: Comparison of standard single-scan FM-KFM and closed-loop TD-KFM of two overlapping graphene flakes. (a—c) Topography, Uicpg,
and coefficient a obtained from a FM-KFM scan with direct sideband detection. (e-h) Topography, U,..q. coefficient a, and Afigp, Obtained by
TD-KFM. The estimated topography-induced frequency shift Af,,, was used as topography feedback here. (d) Height difference between the
TD-KFM and standard FM-KFM scan. The cross sections indicated by the white lines are shown below in Figure 5. Parameters FM-KFM:

AfSet = _65 Hz, Uae = 2 V, fry = 1.5 kHz, PLL bandwidth: 500 Hz; TD-KFM: m;ggg =-22 Hz, Ugc =2V, fry = 253 Hz, fs = 3.6 kHz, PLL bandwidth:
1 kHz, R = 1.66 x 1073 Hz2 Hz~", Quopo = 5 Hz2 Hz, Qicpg = 0.004 V2 Hz, Q, = 5 Hz? V-4 Hz; Detection noise RP « R™M is neglected here. Tip:
Olympus AC240TM-R3, fy = 52.0 kHz, k = 1.0 N m~', Q = 77.2, A = 12 nm (active ACL), Vgcan = 1 pm s~ 1.

6 1 — Feedback: Af — Zetg
. 44— Feedback: Aﬁopo > Zeorr
€
£
N 2
o -
1 1 1 1 1
b 5
N
|
o
g 07
T 1 1 1 T
0.0 0.5 1.0 1.5 2.0 2.5
X (um)

Figure 5: (a) Cross sections of the topography along the sections indicated in Figure 4 for single-scan FM-KFM (feedback on Af) and closed-loop
TD-KFM (feedback on Afy,,, ). (b) Difference between both topography measurements. Closed-loop TD-KFM minimizes the electrostatic height error
beyond what is achievable in standard FM-KFM.

Conclusion

We demonstrated that surface topography and electrostatic
properties can be directly estimated and separated from the fre-
quency-shift signal. The state-space representation of FM-KFM
was derived and an extended Kalman filter was introduced as a

state observer. The estimation uses a linearization around the
output matrix of the Kelvin system.

In our method, the maximum frequency shift is detected in real
time and can be used as control signal for the topography feed-
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back. The maximum frequency shift, Afiopo, is not affected by
the electrostatic force gradient, and therefore allows for the
compensation of all electrostatic forces, including the remaining
static contribution present in standard FM-KFM. The improved
topography measurement was demonstrated by a closed-loop
scan on a graphene flake.

The TD controller is also applicable as an open-loop technique.
By modulating the tip—sample bias voltage during a regular
FM-AFM measurement and by recording the frequency-shift
signal and the applied bias voltage, the surface potential image
can be reconstructed by the state observer. This is a very conve-
nient way of performing KFM measurements by postpro-
cessing. Furthermore, the dynamics of the controller can be
studied and tested before conducting an actual closed-loop mea-

surement.

The algorithm is reliable and robust for a wide range of gain
values. The three parameters of the state transition matrix are
the only tuning parameters needed, apart from the PSD of the

thermal noise, which can be calculated beforehand.

Code Availability

The code for the TD controller is made available upon request.
It includes an open-loop version for postprocessing and a
version for closed-loop application designed for the real-time
unit (RTK) of the HF2 lock-in amplifier of Zurich Instruments.

Supporting Information

Supporting Information File 1

Evaluation of the third sideband of the measurement shown
in Figure 3.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-76-S1.pdf]
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