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Kelvin probe force microscopy (KPFM) is widely used in stationary and dynamic studies of contact
electrification. An obvious question that connects these two has been overlooked: when are charge
dynamics too fast for stationary studies to be meaningful? Using a rapid transfer system to quickly perform
KPFM after contact, we find the dynamics are too fast in all but the best insulators. Our data further suggest
that dynamics are caused by bulk as opposed to surface conductivity, and that charge-transfer heterogeneity

is less prevalent than previously suggested.
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Contact electrification (CE), i.e., the transfer of electrical
charge when materials touch, occurs in settings ranging
from coffee grinding [1], to pollen transport [2] and perhaps
even rocky planet formation [3], yet is poorly understood
[4-6]. Among the most useful tools for studying CE are so-
called scanning Kelvin techniques, which enable imaging
of voltages caused by transferred charge. At the macroscale
(~100 pm to 10 cm), the main method is scanning Kelvin
probe microscopy (SKPM), while at the nanoscale
(~10 nm to 100 pm) the most used is the related (but
distinct) Kelvin probe force microscopy (KPFM) [7-12].
Both methods involve slowly scanning a metal tip over the
surface while recording a voltage. Depending on the size
and resolution of a scan, this can take from minutes to even
hours. These methods have enabled numerous insightful
studies with implications for CE. In the physics commu-
nity, the focus has been on studying CE of native materials
in unaltered conditions (i.e., without chemical modifica-
tion), with two primary aims. The first has been to make
sense of stationary patterns of charge left after CE, which
are occasionally observed to be heterogeneous [13-24].
The second has been to investigate the dynamics of charge
deposited by CE, i.e., how it evolves over space and time,
where proposals have included surface diffusion, surface
drift, bulk drift, and combinations thereof [13,25-27].
Considering these studies, an obvious question arises:
under what circumstances are the dynamics too fast for
measured stationary patterns from CE to be meaningful?
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In this Letter, we address this overlooked question that
connects the stationary and dynamic studies of CE with
Kelvin probe techniques. We perform CE with macroscopic
(1 x 1 cm?) samples and then quickly (order 1 minute)
image the surface with KPFM. We find that CE deposited
charge is (1) largely uniform on the surface over KPFM
length scales and (2) leaves in a manner that appears as time
decay in the KPFM voltage. Based on these observations,
we model the charge dynamics as the discharge of a simple
capacitor, where the time constant is set by a material’s
permittivity and electrical conductivity. To further support
this model, we extend our experiments to a wide variety of
“good insulators” spanning a very large range of nominal
conductivities, showing that the better the insulator, the
longer the decay. Our results call into question the validity
of stationary studies of CE with KPFM on all but the best
electrical insulators.

The experimental setup is illustrated in Fig. 1. A key
feature is the incorporation of a macrostage to move a
sample between the AFM (where KPFM is performed) and
second setup that uses a linear actuator to execute charge-
exchanging contacts with a countersample. While in a
typical system the sample transfer, AFM approach, reini-
tiation, and recalibration of the KPFM parameters can
easily take as long as tens of minutes, in our system this
happens in as little as ~30 s. We use a variety of materials
for the “main” sample, but always use polydimethylsilox-
ane (PDMS) for the countersample as its softness and
smoothness enable it to make “conformal” contact over an
entire main sample (~1 x 1 cm?). Hence, we can perform
KPFM scans on multiple regions of an uncharged sample,
move it underneath the countersample to perform charge-
exchanging contacts, and then return it to the AFM for
KPEFM scans after CE has occurred, nominally at the same
positions. As all aspects of the system are completely
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FIG. 1. Experimental setup. We use a commercial AFM
equipped with a conductive cantilever in noncontact mode to
simultaneously capture topography and surface potential (KPFM)
measurements. The “main” (planar and insulating) sample is
fixed onto a grounded platform, which is moveable by two sets of
stages: (1) a piezo stage for fine positioning during KPFM
measurement, and (2) a macrostage for long-distance positioning.
The latter allows us to quickly (~10 s) move the sample below a
second setup, where it is contacted by a “countersample” on a
vertical linear actuator. In a typical experimental protocol, we
begin with a KPFM measurement of the main sample in its
discharged state. The sample is then moved beneath the (typically
PDMS) countersample, where it is contacted with a set pressure.
The main sample is then returned to its original position for a
postcontact KPFM measurement in the same region. This process
is completely automated, making it repeatable over multiple
cycles.

automated, we can repeat this process many times. Our
AFM (NX20, Park Systems) is equipped with a conductive
cantilever (NSC14/Cr-Au, Mikromasch) and enables us to
obtain surface topography and potential simultaneously in
noncontact mode. All measurements (for all materials) are
performed at a scan speed of 0.5 Hz, with a tip-sample
distance of 15 to 20 nm (varied from sample to sample
only). KPFM is conducted in amplitude modulation mode,
using a driving voltage of 1 Vat 17 kHz. The whole setup is
housed in an ISO class 5 cleanroom with rigid temperature
(21.1 £0.2)°C and humidity (43 4 4)% regulation. Our
thin insulator samples are prepared on gold-coated Si
wafers, which act as the constant-potential back electrode
required for the KPFM measurement. Sample thick-
nesses range from approximately one to a few hundred
microns, depending on the material and as constrained by
the compensation range (£10 V) of the AFM. For de-
tails about the sample preparation and properties, see
Supplemental Material [28-38].

Our efforts in this project started as an attempt to
reproduce data that exist elsewhere in the literature.
Specifically, we intended to study contact electrification
between two nominally identical PDMS samples, which in
previous studies [13] resulted in KPFM maps with hetero-
geneous features of positive and negative voltage alternat-
ing over a lateral scale of a few hundred nanometers. In our
protocol, we begin by fully discharging both the main and
countersample (see Supplemental Material [28] for more
information) and then performing KPFM on the main
sample [Fig. 2(a)]. In this state, we observe a spatially
uniform potential, similar to what was reported before [13].
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FIG. 2. Unexpected spatial gradients reveal time dependence.
We conduct KPFM scans (5 x 5 pm?) on a ~100 pm thin spin-
coated PDMS layer atop a gold-coated Si wafer. (a) Before
contact, the KPFM potential is spatially uniform, with a mean
value of —0.17 + 0.03 V. (b) After contact with another PDMS
countersample, we observe spatial gradient in the potential,
which decreases in magnitude along the slow-scan direction
(indicated by the arrow). (c) By averaging the potential across
each line and plotting it over time, we see that this decay is not
due to “real” spatial variability, but rather some time-dependent
process. (d) Repeating the contact and measurement procedure
reveals a reproducible, time-dependent potential decay with the
same characteristics; notably the spatial gradient is always in the
slow-scan direction.

We then use the macrostage to move the main sample
below the countersample and perform one charge-exchang-
ing contact. After returning to the original position, we
again measure a KPFM map. Without exception, the KPFM
measurement after contact does not exhibit alternating
regions of plus and minus polarity, but instead a spatial
gradient of a single polarity [Fig. 2(b)]. Tellingly, this
spatial gradient is always perfectly aligned with the slow-
scan direction of the AFM (indicated by the black arrow in
the figure). This suggests it is rather a signature of time
dependence as opposed to a space dependence. If we unfold
the KPFM data and plot them against measurement time
instead of position, we observe a smooth, ostensibly
exponential curve, which returns to the precontact voltage
about 400 seconds after contact, as shown in Fig. 2(c). By
repeating the KPFM-contact-KPFM procedure, we observe
this decay over and over again [Fig. 2(d)].

What causes this time dependence? Our thinking is as
follows. First, we imagine that in the instant just after
contact, the CE-deposited charge (and hence KPFM poten-
tial) is not heterogeneous, but instead quite uniform—at
least over a lateral scale large compared to our sample
thickness of the KPFM scan region. With this assumption,
we approximate the insulator surface and conductive back
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FIG. 3. A simple model for bulk charge decay. We imagine that
the insulator sample and the grounded substrate form a parallel-
plate capacitor, where the charge added to the surface during
contact electrification creates a potential difference across the
bulk. Owing to the finite conductivity of the bulk, c, this drives a

current density, 7 between the surface and ground.

electrode as forming a parallel plate capacitor, as shown in
Fig. 3. The uniform charge density, o, on top of the

insulator surface creates an electric field, E, inside the
bulk. If the insulator were perfect—i.e., with zero electrical
conductivity—nothing interesting would happen. The
charge on the top surface would remain constant and the
spatially uniform KPFM signal would simply be equivalent
to the voltage across the capacitor. Yet perfect insulators do
not exist; hence, over some timescale charge flows.
Assuming instead that our sample is just a “good insulator,”
and furthermore one that exhibits Ohmic electrical con-
ductivity (more on this oversimplification later), we expect
the electric field to drive a current density in the bulk
given by

J=cE=c— =5, (1)

where ¢, k, and ¢ are the electrical conductivity, relative
permittivity, and charge rate over time, respectively. This
relationship results in an exponential decay in the surface
charge density, which in turn predicts a decay in the
voltage, given by

Viprm(t) = Vi + Voe 7, (2)

where V), is the background potential that exists in the
absence of charge, V|, is the change in the initial potential
due to the added CE charge, and 7 = ke/ ¢ is the character-
istic time constant. This model implies that the decay is
governed by screening from mobile bulk charges of the
material, not by movement of the deposited charge on the
surface.

At first glance on a linear scale, Eq. (2) seems to fit the
data in Figs. 2(c) and 2(d) well, revealing a time constant of
~90 s. If we look up the nominal values for the dielectric
constant (~2.72) and conductivity (~3.45 x 10713 S/m) of
PDMS, our model predicts a decay timescale of ~70 s—
not bad. However, it must be pointed out that such literature

values are indeed only nominal, because “good insulators,”
like PDMS, are quite generally non-Ohmic. Indeed, we
show in Supplemental Material [28] that more careful
examination of the decay on a log-lin scale exhibits
nonexponential features, which fit better to more complex
models [39-41], e.g., Cole-Cole response functions.

Explaining such non-Ohmic conductivity is itself a
challenging topic of ongoing theoretical and experimental
investigation [39,41], and lies far outside the focus of this
Letter. Qualitatively, however, considering Ohmic conduc-
tivity is sufficient to enable us to address our main question:
can the dynamics of CE charge on a surface be too fast for
stationary KPFM measurements to be meaningful?
Continuing with this aim, we perform additional experi-
ments with different materials. Figure 4(a) shows KPFM
scans taken after a PDMS countersample has contacted an
SU-8 main sample, which has a nominal conductivity that
is somewhat lower (order of magnitude 10 to 100x)
[29,32]. Indeed, we again observe a decay, and one that
occurs over a longer timescale. To slow down the decay
even further, we use a thermally grown SiO, oxide layer,
which has a nominal conductivity that is substantially lower
(somewhere in the range of 100 to 1000x). Now it is not
possible to see time dependence in individual scans.
However, spacing out measurements over the same region
by hours and even days, we tease out very slow changes to
the potential, as shown in Fig. 4(b). It is worth mentioning
that, for both of these materials, we again observe no
signatures of charge heterogeneity. In the SU-8 data, the
decay is still fast enough to see during the timescale of a
single KPFM scan, but the voltage is still of a single
polarity, consistent with our assumption that the potential is
spatially uniform over a relatively large scale. In the SiO,
data, we see this outright; the decay timescale is so much
longer than a single scan that we can trust our eyes that the
sign of charge on the surface is spatially homogeneous.

In Supplemental Material [28], we present analogous
data for several other materials of varying nominal con-
ductivities. Every material exhibits time-dependent decay,
which is generally longer for better insulators and shorter as
nominal conductivities increase. Furthermore, all KPFM
potentials we have observed are of a single polarity, and
therefore CE in every case appears consistent with charge
exchange of a single sign over space. We emphasize again
that pretending these materials are Ohmic is an aggressive
assumption. In reality, they are all non-Ohmic; hence their
decays are nonexponential (see Supplemental Material
[28]), and hence none of them can be ascribed a proper
single value of conductivity. If, for instance, one looks up
literature values for the conductivity of SiO,, measure-
ments ranging from 10~'3 to 107'® S/m are found [42,43].
Nonetheless, our data show that indeed ‘“better” insulators
tend to decay more slowly, and this has implications for
what types of materials KPFM-based CE experiments can
be meaningful.
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FIG. 4. Predicting the behavior of other materials. We test our model by using other materials with different values of bulk
conductivity, with the prediction that materials with lower conductivities should decay more slowly. (a) KPFM scans of SU-8 after
contact by PDMS, which exhibits a decay over a slightly longer timescale than PDMS. (b) KPFM scans for SiO, after contact by PDMS,
where decay is only apparent after tens of hours. Prior to contact, the KPFM potential in both (a) and (b) are homogeneous across the
surface and have different voltages than immediately after contact (see Supplemental Material [28]).

Can we exclude other mechanisms that might cause the
decays we observe? Several studies in the literature
[25,26,44,45] report lateral spreading on CE-charged sur-
faces, which can arise from surface conductivity due to,
e.g., adsorbed water layers [46,47]. However, significant
geometric differences separate our experiments from those
where lateral spreading is usually observed. We use a large
(~1 x 1 cm? square), conformal countersample to charge
the entire surface of our main sample, and our data are
consistent with charged regions whose lateral extent is
much larger than the sample thickness. Experiments where
lateral spreading is observed almost exclusively correspond
to charged regions whose lateral extent is comparable to or
even much smaller than the sample thickness. Often, such
small spots are created by using the AFM to scratch a
region (e.g.,a 1 x 1 pm? square) of charge onto the surface,
and then lifting the tip off to subsequently image it with
KPFM [11,25,45]. While lateral spreading has been attrib-
uted to charge diffusion [25], recent careful mathematical
analysis has shown its more likely due to the electric field
created by the spot driving surface and bulk conduction
[26]. Moreover, extracting the relative contributions of
these by fitting to a coupled model, the bulk seems to
frequently have a larger effect [41].

To allay suspicion that lateral spreading accounts for our
observations, we probe CE at the sample (centimeter) length
scale with SKPM. We prepare a fully discharged SU-8
sample and begin by performing one-dimensional scans
across the center, as indicated by the dashed line in Fig. 5(a).

These reveal an essentially flat and nearly zero potential
[gray line in Fig. 5(b)]. Next, we contact half of the SU-8
sample with a PDMS countersample, and then remeasure the
potential repeatedly over the same scan line. There are three
noteworthy observations in these data. First, as we hypoth-
esized based on the KPFM data, the polarity of the signal is
homogeneous—not heterogeneous—indicating spatially

@

SU-8 contacted
SU-8 by PDMS

scan line

X (mm)

FIG. 5. Macroscopic observation of decay. (a) To be sure that
the observed decay is primarily due to bulk, as opposed to
surface, conductivity, we carry out macroscopic surface potential
measurements with SKPM. We attach an SU-8 sample onto a
gold-coated Si wafer. (b) Before contact, line scans at the
same position yield a stable SKPM potential near zero
(0.25 £ 0.05) V, shown in gray. Contacting half of the SU-8
surface creates a change to about —5 V. Repeated scans over the
same region over several hours reveal a time-dependent decay of
the SKPM potential back to its initial value. As is visually
evident, this decay occurs without lateral spreading, indicating
bulk conductivity is the dominant mechanism.
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uniform charge transfer during CE. Second, the signal
decays with time, as indicated by the arrow. Moreover, this
decay occurs without any significant lateral spreading
[48,49], strongly suggesting that the observed decay is
governed by bulk conductivity rather than surface
mechanisms.

Our data lead to several meaningful conclusions. First
and foremost, a basic but nonetheless extremely important
point that has been overlooked: KPFM is useful for
addressing stationary patterns of CE-transferred charge
only in the very best insulators. This is most strikingly
illustrated by comparing the cases of PDMS and SiO,. In
PDMS, CE-transferred charge is screened so quickly that
its decay is visible during a single KPFM scan. If we did
not have our special system that allows us to quickly do
KPEFM after contact, it would be gone before the scan.
Hence, stationary studies with insulators of comparable
resistivity to PDMS may very well be showing the “left-
overs” of what remains after all CE-deposited charge has
been effectively screened. In SiO,, on the other hand, CE-
deposited charge is stable over a timescale much longer
than a single KPFM scan or the time required to transfer a
sample. Hence, stationary studies with SiO, and other top-
tier insulators can be meaningful. Second, all signs in the
native materials we use point toward charge decay being
dominated by bulk conduction; this is likely due to the fact
that the decays we see are caused by large length-scale
charge patterns [26]. As we have indicated repeatedly,
assuming Ohmic conduction for our materials is an over-
simplification. Moreover, our data give no indication as to
the precise underlying atomic or microscopic mechanism of
conduction [50]. Importantly, however, our main conclu-
sion depends on neither of these factors—decay occurs fast
enough with many materials to prevent meaningful obser-
vation of stationary CE charge patterns in KPFM. Third,
while it has been suggested that charge transfer in CE is
inherently heterogeneous, our data show that this is not at
all certain. All of our data are consistent with largely
homogeneous charge transfer, suggesting that when hetero-
geneity does occur, it is most likely due to a secondary
effect (e.g., discharge after primary CE has occurred
[20,51]).
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