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ABSTRACT

Scanning Kelvin probe microscopy (SKPM) is a powerful technique for investigating the electrostatic properties of material surfaces,
enabling the imaging of variations in work function, topology, surface charge density, or combinations thereof. Regardless of the underlying
signal source, SKPM results in a voltage image, which is spatially distorted due to the finite size of the probe, long-range electrostatic interac-
tions, mechanical and electrical noise, and the finite response time of the electronics. In order to recover the underlying signal, it is neces-
sary to deconvolve the measurement with an appropriate point spread function (PSF) that accounts the aforementioned distortions, but
determining this PSF is difficult. Here, we describe how such PSFs can be determined experimentally and show how they can be used to
recover the underlying information of interest. We first consider the physical principles that enable SKPM and discuss how these affect the
system PSF. We then show how one can experimentally measure PSFs by looking at well-defined features, and that these compare well to
simulated PSFs, provided scans are performed extremely slowly and carefully. Next, we work at realistic scan speeds and show that the ideal-
ized PSFs fail to capture temporal distortions in the scan direction. While simulating PSFs for these situations would be quite challenging,
we show that measuring PSFs with similar scan conditions works well. Our approach clarifies the basic principles and inherent challenges to
SKPM measurements and gives practical methods to improve results.
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I. INTRODUCTION A fundamental problem in both SKPM and KPFM is prop-
erly interpreting and analyzing the measured signal. Regardless of
the signal source (e.g., work function variations or charge), both
techniques produce voltage images. Moreover, these images are
spatially distorted due to the finite size of the probe, long-range
electrostatic interactions,'>* mechanical and electrical noise,"”
and the temporal response of the electronics.”'®'” When these

Scanning Kelvin probe microscopy (SKPM) enables imaging of
the “invisible” electrostatic properties of surfaces at the mesoscale
(typically, > 100um). By scanning a vibrating conductive probe
above a surface and measuring/regulating the current induced within
it [Fig. 1(a)], SKPM extracts information connected to the local elec-
tric potential. " This gives insight into various processes such as vari-

ations in work function or surface chemistry,”* charge,” biological distortions are deterministic and linear, they can be characterized
double layers,” etc. Though not identical, the operating principle by a point spread function (PSF), which describes the image as an
behind SKPM is related to Kelvin probe force microscopy (KPEM),” infinitesimally small point in the absence of noise would produce
where measurement/regulation of the forces acting on a vibrating ~ when measured. Effectively, the measured signal is the convolu-
atomic force microscope tip permits similar imaging at the tion of the underlying signal with the PSF, and the underlying
nanoscale.’~'> One major advantage of SKPM over KPFM is the use ~ signal can be recovered by deconvolution.'”'* Therefore, a key
of significantly larger probes enabling rapid scans over significantly component in interpreting/analyzing SKPM (or KPFM) data
larger areas (a discussion on the differences/similarities between the relies on being able to determine the PSF that characterizes the
two techniques is included in the supplementary material). measurement process.
J. Appl. Phys. 136, 045305 (2024); doi: 10.1063/5.0215151 136, 045305-1
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FIG. 1. Principle of scanning Kelvin probe microscopy (SKPM). (a) SKPM
entails scanning a conductive probe above a sample to estimate the local
surface potential. The cylindrical metal probe is vibrated vertically, while a
lock-in amplifier and PID use feedback to adjust the backing potential, V, so
that the current in the probe is minimized. (b) Voltage maps measured by
SKPM are spatially distorted, due to the probe’s finite size, long-range electro-
statics, and the temporal response of the electronics. (c) This paper is about
extracting the true underlying surface potential from the measured signal, which
we show is achievable by experimentally measuring the system’'s PSF and
using this to deconvolve raw measurements.

Toward addressing the problem, one can draw inspiration
from optical microscopy. Like SKPM, optical images suffer from
distortions due to diffraction, optical imperfections, finite pixel
sizes, etc. To correct for these, a practical solution is to image the
pattern created by a point-like emitter, e.g., a small fluorescent par-
ticle.'® When this target is significantly smaller than the system res-
olution, the image rendered is approximately the PSF.

Here, we show that the approach of experimentally measuring
PSFs is not only viable but also effective and straightforwardly
implemented in the case of SKPM. Compared to KPFM, the larger
probes used in SKPM allow scanning significantly larger areas at
higher scan rates. Consequently, for SKPM it is possible to experi-
mentally measure the PSFs using relatively large calibration targets.
We restrict ourselves to situation where the underlying signal is
due to differences in material work functions on a planar surface,
though in principle our ideas can be extended to other situations
(e.g., variations in surface charge). We use common clean-room
techniques to pattern regions with work function differences,
which we image to extract PSFs. We find that when utilizing high
scan speeds—which are necessary to probe large and/or time
dependent features—the measured PSFs can differ significantly
from those that only account for the electrostatic interactions
between the probe and sample. We show that this is due to the
incorporation of temporal information into the PSF—an issue that
would be difficult to account for analytically/computationally, but
that is solved relatively easily in the experiment. By simply measuring
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the PSF, we gain insight into the effect of measurement speed, feed-
back parameters, and probe geometry that would be difficult to
predict or characterize independently. Our results outline a practical
and easily implemented approach toward getting quantitative infor-
mation out of SKPM.

Il. MEASUREMENT PRINCIPAL
A. Signal acquisition

Figure 1(a) depicts an SKPM probe positioned above a sample
and the feedback system used to acquire an estimate for the spa-
tially varying surface potential of interest, Vs = Vg(x). The probe
vibrates vertically at a fixed amplitude and frequency, while a
potential (V) is applied to the electrode at or below the sample.
The current drawn to the probe due to the vibration is measured
by an electrometer (E) and further amplified by a lock-in amplifier,
which extracts the current signal due to the probe vibration and
rejects noise at other frequencies. The signal acquired by SKPM is
the value of the voltage, V, required to minimize the current
induced in the probe as it is vibrated. This is typically accom-
plished by using feedback on the lock-in signal, e.g., sending it to
proportional-integral-differential (PID) electronics and adjusting
V until the current amplitude is zero. In the naive version of the
analysis, the probe-sample system is assumed to form a capacitor,
where the image charge drawn to the probe is given by

Q1) = C(h()(V — Vs). 1

Here, C(h) is the capacitance and h(t) is the time-varying height
of the probe above the sample. By differentiating Eq. (1) with
respect to time, setting equal to zero, and defining for V,, = V in
this condition, we find

dQ dhdC
== aranVm—Vs) 2
Hence, for finite derivatives dh/dt and dC/dh, we see that this
condition is satisfied when

Vin(x) = V(). 3

In other words, the simplest interpretation of raw SKPM data is
that it is an exact, point-by-point copy of the surface potential of
interest.

The above analysis does not account for the finite size of the
probe or long-range electrostatic interactions. These contributions
can be incorporated by replacing the simple capacitance, C(h), with
an integral over a distributed capacitance, € (h, x).”’14 In this case,
the SKPM condition becomes

d
0= %L (Vinlo) — V(& — 0)6(h, &) dE, (4)

where £ is an integration variable. Solving this expression for V,,
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gives
Vi) = L P(x, Vs(®) de, 5)

where we define the PSF, P(x, £), which accounts for the terms
involving the interaction of the probe at location x with different
sample positions . Hence, a slightly more sophisticated analysis
reveals that a raw SKPM measurement is the convolution of the
underlying signal with a point spread function corresponding to the
finite size of the probe and long-range interactions. It is important to
note that the PSF is not unique for a particular probe. Instead, it
depends on the sample-probe interaction through the distributed
capacitance. For example, this may give rise to completely different
PSFs for purely metallic, purely insulating, or mixed insulator-metal
samples due to how the probe interacts with the surface or the bulk
of the material.””

In practice, the situation is more complicated still, though for
less obvious reasons. The measured signal depends not only on
the electrostatic interactions between the probe and the sample
but also on the feedback system that measures the current and
applies the voltage, V. Both the PID and lock-in amplifier require
finite response times to produce stable signals. If the probe travels
a significant distance over these timescales, then information
from a range of locations is incorporated into the measurement.
Additionally, faster scan speeds can introduce additional mechan-
ical noise, which will further distort the measured signal. Only for
a stable system and when the probe is held at each location for a
long time relative to the response times of the PID/lock-in, do we
recover Eq. (5). Assuming these processes are linear, we can still
write the measured voltage as a purely spatial convolution over a
point spread function, but one that is velocity dependent; in other
words,

Vi) = jP(v |x, V() de. ©)

As the scan velocity approaches zero, P(v | x, ) — P(x, £), and the
“fast scan” regime [Eq. (6)] becomes equivalent to the “slow scan”
regime [Eq. (5)].

B. Signal deconvolution

In Sec. I A, we discussed the forward problem: given an under-
lying surface potential, Vs(x), determine the resulting measurement,
Vin(x). However, what is usually required is the solution to the
inverse problem: given the measurement, V,(x), determine the
underlying signal, Vs(x) [ie., recover Fig. 1(c) from Fig. 1(b)]. We
start by writing the convolution over the PSF more compactly as

Vi =Vs®P. (7)
We would like to find an estimate for the true surface voltage map,

V. In the absence of measurement noise, and for a non-vanishing
P, we can exactly recover the true surface voltage map, Vg, by

V=V, P 1=(Vs@P)P ! =V, (8)
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where ®P~! denotes the deconvolution with respect to P. This
expression is relatively easy to calculate by taking advantage of the

convolution theorem, i.e.,
(T V)
F! , 9
( F(P) ) ®

Vs =

where # and % ' represent the Fourier transform and inverse
Fourier transform, respectively.

Real systems suffer from measurement noise, which renders
the equivalence of Vg and Vs in Eq. (8) unattainable in practice.
Mathematically, independent sources of noise, N, enter into the
equation as V,,, = Vs ® P+ N and contain high-frequency compo-
nents, which deconvolution can amplify. To reduce the effect of
this, one approach is to simply apply a low-pass filter to V,,, which
can be heuristically motivated given the finite size of probes.”’
However, in order to avoid discarding higher frequency information
unnecessarily, an alternative is to use a weighted deconvolution, such
as a Wiener filter.'>'* Mathematically, this manifests itself as a modi-
fication to Eq. (9),

s [ZVm) |7 P’ "
7 (ﬂ‘(P) X(|y(p)|2+m+m -0

where SNR(f) is the signal-to-noise ratio as a function of spatial fre-
quency. The SNR can either be measured (e.g., by calculating the
power spectral density of representative samples with known proper-
ties) or, in certain circumstances, assumed in conjunction with a
frequency-relationship for the noise (e.g, Brownian noise 1/f* and
pink noise 1/f).

Vs =

lll. TARGET FABRICATION & MEASUREMENT

To experimentally determine the PSFs, we fabricate calibration
targets using materials with different work functions. We work
with two different types: an edge target, which produces a large
signal but only provides information about the PSF in one direc-
tion,”"** and a disk target, which allows convenient measurement
of the full two-dimensional PSF from a single two-dimensional
scan. We utilize the edge target for measuring the slow scan PSF
[Eq. (5)], where we assume rotational symmetry of the PSF and are
interested in a very accurate low noise estimate for the probe PSF.
We use the disk target for estimating the fast scan PSF [Eq. (6)],
where the PSF is highly non-axisymmetric and our priority is on
performing measurements in reasonable amounts of time under
practical conditions.

We fabricate both targets using electron beam evaporation to
deposit thin layers of different metals; full details are provided in
the supplemental material. The edge target consists of a layer of
platinum deposited on a titanium coated glass slide. The physical
height of the platinum layer is small (12nm) compared to the
sample-tip separation (60 um) so that its geometric influence can
be ignored. These metals are chosen for their relatively large work
function difference, which due to Fermi equalization leads to
a large contact potential difference and correspondingly large
SKPM signal (~1V). The disk target consists of a small, circular
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(400 um diameter) gold disk deposited on a silicon wafer, creating
a contact potential difference on the order of 0.5eV. As with the
edge target, the height of the gold-titanium disk is small (103 nm)
compared to the scan height. Optical microscopy images of the
disk calibration targets are included in the supplementary material.

We perform SKPM measurements using a commercially avail-
able device (Biologic, M470). This instrument uses a piezo to oscil-
late the probe, we use an oscillation frequency of 80 Hz as we
notice higher frequencies increase acoustic noise. The oscillation
frequency sets limit on the measurement bandwidth and the
achievable resolution at higher scan speeds, as we discuss further in
Sec. IV B. We use a closed-loop type SKPM measurement, where a
PID feedback controller attempts to minimize the current in the
probe. The choice of feedback parameters is important to achieving
the best possible bandwidth: too slow a response rate will lead to a
broader PSF, while overly aggressive settings can lead to spurious
oscillations in the measured signal. Briefly, we use the Ziegler-
Nichols method™’ to choose initial guesses for the feedback settings
and then make minor adjustments to optimize the results (further
details provided in the supplementary material).

When SKPM is used for work function measurements, the
signal (A®) is a relative measurement of the difference in work
function between the probe and sample. To convert Kelvin probe
voltages to absolute work function values, we use a reference
sample of highly ordered pyrolytic graphite (HOPG),”*”” additional
details are given in the supplementary material. The work function
is then given by ® = A® + A®yopg, where A®popg is the differ-
ence between the literature value for the HOPG work function and
the measured value. To estimate the SNR for deconvolution [i.e.,
Eq. (10)], we look at the power spectral density of a relatively flat
region and use this to estimate a power-law relationship between
SNR and frequency.

To demonstrate the effect of acquisition parameters and the
temporal dependence of acquired measurements, we perform slow
scans with step-mode acquisition and fast scans with sweep-mode
acquisition. The step-mode acquisition entails moving the probe
between specific points and holding it fixed until the SKPM signal
has stabilized (i.e., until we can ignore effects from the movement
and settling time of the PID/lock-in amplifier). Sweep-mode acqui-
sition involves moving the probe continuously across the sample at
a constant velocity, resulting in a temporally distorted signal
depending on the scan speed and feedback parameters.

IV. RESULTS AND DISCUSSION

A. Experimentally determining PSFs in the quasi-static
limit

We now demonstrate how a PSF can be determined experi-
mentally. We start in the slow scan regime, i.e., at speeds that are
small enough such that Eq. (5) applies. The main difficulty in mea-
suring the slow scan PSF is signal strength compared to measure-
ment noise. Signal strength can be improved by increasing the
work function difference between the target and surface or increas-
ing the size of the target, while noise can be reduced with repeated
measurements and reduced scan speed. We have found that a good
solution for the slow-scan regime is to perform a one-dimensional
scan over a sharp edge between two materials with distinct work
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functions [Fig. 2(a)]. Sharp edges are a common technique for esti-
mating the accuracy and resolution of both SKPM and KPFM
systems”*™** and can provide enough information to estimate the
PSF for a large cylindrical probe. Even so, extremely slow speeds
are required for probe motion to be completely negligible. We
utilize a step size of 5um, moving at 5um/s between points and
dwelling at each point for 3.5s. To improve SNR, we repeat and
average multiple lines. In this process, a single line scan takes
approximately 45 min, and the ensemble takes more than 7 h. The
final result is shown in Fig. 2(b).

To obtain the PSF, we first average multiple scans of the edge
to produce a low noise estimate for the edge spread function (ESF).
We then calculate the line spread function (LSF) from the deriva-
tive of the line scan

LSF(x) = %ESF(x).

(11)
In Fourier space, we interpolate the one-dimensional transform of
the line spread function to a two-dimensional map assuming rota-
tional symmetry and take the inverse Fourier transform to give the
PSF. Equivalently, we solve

Fao[PSFlki k) = F1o[LSF) (/K + K7

for the PSE, where % p and % ,p denote the 1D and 2D Fourier
transforms, and k;, k; are the Fourier space coordinates (see the
supplementary material for full details). The result is shown in
[Fig. 2(c)]. The cross section of this PSF [Fig. 2(e)] has a non-
intuitive feature: a ring of higher intensity toward the edge of the
probe. To investigate this further and perform a sanity-check of
our strategy, we perform numerical simulations for a second, inde-
pendent estimate of the PSF [Figs. 2(d) and 2(e); see the
supplementary material for details on simulations]. In addition, the
PSF also has an apparent negative region at around +0.8 mm;
however, this measurement is not statistically significant.

The simulations produce a decent estimate for the PSE, but
the differences are non-negligible. The simulated PSF has a higher
amplitude, is slightly narrower, and exhibits a more subdued ring
at the edge. We suspect these differences are due to physical features
of the probe that the idealized simulation geometry cannot capture.
Our first thought was that the difference was related to an incom-
plete model of the probe geometry. We included the shield in our
simulations as a grounded cylinder around the probe; however, this
did not account for the broader PSF shape. Visual inspection of the
probe reveals it is not perfectly cylindrical and has a rounded edge
(see images in the supplementary material). However, simulations
exploring a range of edge radii between 5 and 80 um [illustrated by
the shaded region in Fig. 2(e)] show that this alone is not enough to
explain the broader PSF width and scale. High-speed video reveals
subtle horizontal vibrations in addition to the vertical motion (see
the supplementary material). A possible explanation for the broader
PSF is that these vibrations result in a larger effective probe diameter.
The difficulty in constructing an accurate model that fully reproduces
the observations even in the slow-scan regime highlights the need for
measuring PSFs.
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FIG. 2. Comparison between a PSF estimated using an edge measurement and a simulated PSF. (a) Scanning an edge created at the boundary between two metals with
distinct work functions produces (b) an estimate for the system edge spread function (ESF) along the scan direction. (c) Shows the system PSF estimated from the ESF
measurement by assuming that the probe is rotationally symmetric. (d) and (e) Simulations produce a PSF with a similar width and qualitatively similar shape but show
non-negligible differences, even for a range of different probe geometries (indicated by the shaded region around the simulation line). Scale bars show 1 mm. Shaded
regions on measured data represent errors estimated from standard deviation of nine scans, full details in supplementary material.

With a PSF in hand, we turn our attention to reconstructing
an underlying signal source from an actual measurement.
Figure 3(a) illustrates our gold-on-silicon target, where the
pattern consists a series of vertical/horizontal stripes switching
between the two materials. We scan over this target at a slightly
lower resolution (80 um steps) and slightly larger speed (20 um/s
with 0.6s dwell time) so that the scan does not take unreasonably
long. This produces the measured voltage map, V,,, of Fig. 3(b).
Using Eq. (10) and the simulated and measured probe PSFs of
Fig. 2, we find that we can indeed recover estimates with improved
resolution/contrast [Figs. 3(c)-3(h)]. We show in the supplementary
material that these recoveries already suffer from slightly elevated
scan speed; trying to eliminate temporal information in the PSF
entails compromises between speed and resolution that are difficult
to balance. As we show in Sec. IV B, the better solution is to simply
incorporate the probe motion into the PSF.

B. Determining PSFs for rapid measurements

Without compromising scan speed, we would like to be able to
characterize large patterns of interest with high spatial resolution.
As mentioned previously, when the distortions introduced by fast
scanning are linear, then one can anticipate a velocity-dependent
PSF, P(v|x, &), that nonetheless connects the measured signal,
Vi, to the underlying signal, Vs, via spatial convolution, as in
Eq. (6). In order to acquire this PSF, we straightforwardly perform

a scan with the same measurement parameters as we use for the
sample measurement. While we could repeat the procedure
involving the edge PSF described above, we now no longer have
to worry about scanning slowly to stay in a regime where Eq. (5)
is applicable. Moreover, scanning fast creates an additional source
of broadening to the PSF, making the use of larger targets more
practical.

To get a velocity-dependent scan, we now operate the SKPM
in the sweep (continuous) mode (as opposed to step mode) and
with a significantly higher speed of 200 um/s. To estimate these fast
scan PSFs, we explored using 300, 400, and 500 um diameter disks.
Ideally, we would want to use a target that is much smaller than
the probe diameter; however, we found that the smallest disk pro-
duced a signal that was too weak. For 200 um/s scans, the 400 um
disk was sufficient, but for the faster 1000 um/s scans, we need to
use the 500 um diameter disk. In order to account for the finite
size of the disk, we deconvolved the measured potential by a circu-
lar aperture and used a low-pass filter to remove high frequency
noise. Full details are provided in the supplementary material.

Figure 4 shows how we put this into practice. Figure 4(a)
shows the PSF estimated from the scan of the disk shown in the
inset. As is visually apparent in the image of the PSF, the velocity
dependence blurs the image in the scan direction (left to right).
Next, we scan a large and detailed target (~1.5x 1.0 cm?), as
shown in Fig. 4(b), which again consists of gold patterned onto a
silicon wafer. The scan parameters are intentionally set to be the
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FIG. 3. Comparison between deconvolution with different PSFs in slow scans.
(@) Scanning a gold-on-silicon target (Vs) with sharp features produces (b) a
measured (V) signal with low contrast and blurred-out features. (c)—(e)
Deconvolution with (c) the simulated PSF from Fig. 2(d) produces (d) an image
with higher contrast; however, as shown in (e), a slice through the deconvolved
image (Vs) differs from the ideal scenario ((Vs ® P) @ P~"). (f)~(h) The exper-
imentally measured probe PSF produces a improved estimate for the original
signal. Scale bars show 1 mm.

same as in the PSF of Fig. 4(a). The resulting raw voltage map is
shown in Fig. 4(c). Comparing this to the slower scans of Fig. 2,
the spatial blurring is much more apparent—this is, in part, due to
the higher scan speed and chosen feedback parameters. Moreover,
it is evident that this has the same left-to-right tail as the corre-
sponding PSF. However, upon spatially deconvolving this scan with
the corresponding PSF, the blur is reduced [Fig. 4(d)].

It is clear from these scans that the PSF shape and resulting
signal depend on the acquisition speed; however, it is unclear how
the observed broadening depends on the probe size, the introduc-
tion of additional noise from scanning at high speeds, the feedback
system, and the scan velocity. To explore this further, Fig. 5 shows
line scans of the target at different speeds using two different
probes. The feedback system was tuned to give the fastest possible
response to a gold-silicon work function step without introducing
too much additional noise. At slow speeds, we see that these set-
tings are sufficient to track the signal is given by a small probe
scanned slowly over the same region. At high speeds, we see a sig-
nificant variation in estimated work function—there is a significant
lag along the scan direction. Upon deconvolving the measured
signal by a PSF measured at the same speed, we see qualitatively
that we recover a significantly improved estimate for the potential.
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FIG. 4. PSF and deconvolution for a fast scan. (a) Fast scans produce a signifi-
cantly broadened and asymmetric PSF, particularly along the scan direction. (b)
and (c) When the same parameters are used to scan a large target (b), this
produces a blurred-out image (c). (d) Deconvolution of the measured signal with
the PSF produces a significantly improved estimate for the underlying signal.
Scale bars correspond to 1 mm.
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This is very apparent in a line scan across a 500 um diameter disk 3
[Fig. 5(b)], where we see the slow scan produces a scan resembling 2
the convolution of two similarly sized circular apertures, while the
fast scan produces a reduced signal with a wider distribution.

Unlike in the quasi-static case, the broadening behavior here
is dominated by how quickly the feedback system can respond to a
change in the surface work function. Effectively, the highest resolv-
able spatial frequency in the scan direction is given by

k, = min [kpmbe, %)] , (12)

where v is the scan velocity, kprobe is the spatial resolution limited
by the probe geometry, and @ describes the measurement cut-off
frequency. The measurement cut-off frequency depends on both
the response rate of the system (i.e., the SKPM oscillation frequency
and PID update rate) as well as the chosen feedback parameters,
which, in turn, depend on the signal-to-noise ratio. As a first order
approximation, the SKPM signal scales with the probe cross-
sectional area, while the noise (ignoring the effects of measurement
noise) scales with the square-root of the current signal. This results
in a effective bandwidth of

® o< Ayr?, (13)

J. Appl. Phys. 136, 045305 (2024); doi: 10.1063/5.0215151
© Author(s) 2024

136, 045305-6


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

o /eV

0 2 4 6 8 10
x/ mm
b c
-—.—\
5 02 IE 107 {—/—+—+
) E A
s O
=~ v\
L. =
e v N
0.0 \
_ AT}
I T T 104 T —
00 25 50 102 10"
x/ mm v/ pm.s~!
ol A —a— r=75um

=B =---C

r=250 um

FIG. 5. Comparison between fast, deconvolved, and slow scans. (a) Partial
scan across the target from Fig. 4 using (A) a r = 75 um radius probe scanned
slowly and averaged over four scans, and single scans with a r = 250 um
radius probe at (B) 100 um/s and (C) 1000 um/s. (C’) shows the fast scan
deconvolved by a PSF estimated from scans of a 250 um radius disk scanned
using the same scan parameters. (b) Scans of the calibration disk with the large
probe clearly showing the broadening due to higher scan speed. (c) The effec-
tive spatial cut-off frequency, kx, estimated for different scan speeds (v) with two
different probe radii (r) using the same scan parameters as in (a). Squares
mark the scans corresponding to the speeds shown in (a) and (b). Error bars in
(b) are estimated from the standard deviation of 10 scans. Error bars in (c) are
estimated from the spatial frequency when the signal drops below 10% in fre-
quency space.

where Ay is the minimum detectable signal. This trend is illustrated
by Fig. 5(c), which shows the 1/v fall off at higher scan speeds and
the probe size dependence in the corner frequency (additional mea-
surements showing the noise at different velocities are included in
the supplementary material). In practice, the cut-off frequency will
be lower for a poorly optimized PID and other sources of noise
may be dominant at different scan speeds or probe sizes.

V. CONCLUSION

In this work, we demonstrate how the PSFs relevant to scan-
ning Kelvin probe microscopy (SKPM) can be experimentally
determined. We find that measured PSFs can differ significantly
from those estimated using simulations, especially for rapid scans
where the finite response of the feedback system and additional
noise further broaden the PSFs. We demonstrate that a practical
approach for accounting for the effect of noise in a scan is to
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measure the PSF using similar scan parameters to those used
during measurement acquisition. We utilize two methods for esti-
mating PSFs: one using an edge target, which provides good signal
strength but only gives information about the PSF in one direction,
and the second using a disk, which provides information about the
full two-dimensional PSF from a single two-dimensional scan.
While both methods could be used to acquire PSFs, we found that
the disk was particularly useful for faster scans, where the PSFs
tend to be non-axissymetric. The edge method is more suited to
acquiring lower noise PSFs but requires assumptions about the PSF
symmetry or multiple measurements with different edge angles to
estimate the two-dimensional PSF.

Our focus has been on characterizing the relatively large
probes used in SKPM; however, the same procedure could be appli-
cable to characterization of high speed KPFM measurements.
While the larger probes used in SKPM allow direct measurement
of the PSF, for smaller probes (such as those used in KPFM), the
required spot size and the corresponding decrease in the
signal-to-noise ratio makes experimental measurement of such
PSFs difficult. We explore targets involving work function differ-
ences between metals, however, other approaches such as deposit-
ing charge spots or creating an artificial potential step”” could
further improve the signal-to-noise ratio. Although we focused on
SKPM, this procedure could also be useful for characterizing and
correcting for temporal effects in related methods.'® Additional
modeling of the signal acquisition pipeline could also be useful for
determining the effective measurement PSFs from simulated PSFs,
this could be particularly relevant for smaller probes such as the
nano-scale probes used in KPFM. The results presented here could
be useful for scanning larger samples, particularly, with larger
probes at faster scanning speeds while achieving decent resolution
in the reconstructed images.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed description of
the experimental methods, simulations, and additional supporting
figures.
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