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A Duality Between Surface Charge and Work Function in
Scanning Kelvin Probe Microscopy

Isaac C.D. Lenton,* Felix Pertl, Lubuna Shafeek, and Scott R. Waitukaitis

Scanning Kelvin probe microscopy (SKPM) is a powerful technique for
macroscopic imaging of the electrostatic potential above a surface. Though
most often used to image work-function variations of conductive surfaces, it
can also be used to probe the surface charge on insulating surfaces. In both
cases, relating the measured potential to the underlying signal is non-trivial.
Here, general relationships are derived between the measured SKPM voltage
and the underlying source, revealing either can be cast as a convolution with
an appropriately scaled point spread function (PSF). For charge that exists on
a thin insulating layer above a conductor, the PSF has the same shape as what
would occur from a work-function variation alone, differing by a simple scaling
factor. This relationship is confirmed by: (1) backing it out from finite-element
simulations of work-function and charge signals, and (2) experimentally
comparing the measured PSF from a small work-function target to that from a
small charge spot. This scaling factor is further validated by comparing SKPM
charge measurements with Faraday cup measurements for highly charged

bulk charge density of insulating
samples.'*1]  As with similar tech-
niques, including Kelvin Probe Force
Microscopy (KPFM), the measured
signal is an amalgamation of multiple
contributions — including work function,
charge, and geometry — complicating
the process of extracting the underlying
charge signal.

A key difficulty in using SKPM, on
charged surfaces is the quantitative con-
version of the measured potential (with
units of volts) into surface charge den-
sity (with units of coulombs per square
meter). Figure 1 illustrates the problem;
the SKPM signal is related to the cur-
rent induced in a probe as it is vibrated
above a sample, which in turn depends

samples from contact-charging experiments. These results highlight a
heretofore unappreciated connection between SKPM voltage and charge
signals, offering a rigorous recipe to extract either from experimental data.

1. Introduction

Quantitative measurement of surface charge is important to-
ward understanding processes ranging from contact charging
and electrostatic discharge to lubrication and adsorption.!'
In turn, these processes find applications in realms as di-
verse as industrial manufacturing, fabrication of nano-materials,
or even cell adhesion.>®! Scanning Kelvin probe microscopy
(SKPM), is a technique for measuring the electrostatic potential
near surfaces,”'!l and, although most often used to measure
work functions or contact potential differences of conducting
surfaces,!213] it can also give information about the surface and
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on the electrostatic interaction between
the probe/sample, the system geome-
try, and the electrostatic properties of
the sample/medium. To recover an esti-
mate for the surface charge, one must
account for distortions in the measured
surface potential caused by the geometry, as well as convert from
units of potential to units of charge density. While the electro-
static field profile due to a charge on a surface, and the connection
between measured potential and charge is somewhat understood
from a theoretical point of view,[!*!7] the conversion from mea-
sured potential back to charge remains challenging. One widely
used heuristic is to assume a capacitor-like relationship between
charge and measured potential, i.e., o = gVS, where ¢ is surface
charge density, § is the insulator thickness, € is its permittivity
and V; is the measured voltage.['®2!] This expression is sufficient
to give the correct units for charge. Though it is widely used, we
have never seen a rigorous derivation of it. Another shortcoming
is that it does not account for the system geometry, i.e., the fact
that the shape of the probe, its distance to the surface, and the
thickness of the surface all “smear out” the underlying source.
Moreover, it is not clear when it is applicable. How thick can the
insulator be before it fails® How large can € be? Hence, at present
using this “capacitor heuristic” — where the charge is assumed to
be proportional to the measured potential —is at best an educated
guess, as it lacks a rigorous framework to back it up.

In this work, we focus on rigorously understanding the con-
nection between signals from surface charge (SQ) and work func-
tion differences (WF) in SKPM. We begin by deriving a relation-
ship between the measured signal, SQ and WF. Both the signals
from WF and SQ contribute cumulatively to the total measured
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signal: in both cases the measured signal can be formulated as a
convolution of the underlying charge/work-function signal and
an appropriately scaled point spread function (PSF). We show
rigorously that the PSF of a charge pattern on the surface of a
thin dielectric above a conductive back electrode has the same
shape as the PSF due to work function variations on the back elec-
trode alone (i.e., absent the insulating layer), but indeed differs
by the widely presumed scaling factor §/e. We directly test this
by performing finite-element simulations corresponding to the
two situations, which demonstrates how it fails if the insulator is
too thick or the permittivity too high. We further test it by com-
paring experimental measurements of both SQ and WF PSFs.
Finally, we show how quantitative surface charge measurements
can be acquired by using a PSF to deconvolve SKPM data, and
validate measurements of total charge by comparing to results
from a Faraday cup. While our focus in this work is on SKPM,
this general approach could be extended to other Kelvin probe
based techniques for measuring surface charge.

2. Theory

SKPM involves scanning a vibrating conductive probe above a
surface at a known frequency, and measuring the current in-
duced in the probe due to the local electrostatic field at the same
frequency using a lock-in amplifier.”-'!] By additionally applying
a DC voltage between the probe and the sample (or for thin in-
sulating samples, a backing electrode below the sample) and us-
ing feedback, the lock-in current in the probe can be minimised.
The SKPM potential image (Figure 1b) corresponds to this volt-
age that minimises the lock-in current signal at different loca-
tions above the sample. In order to extract the surface charge
(Figure 1c), we need to account for all the factors which can con-
tribute to the measured signal, such as system geometry, long-
range electrostatic interactions between the probe and sample,
and properties of the insulating layer.

For the geometry shown in Figure 1a, consisting of a thin ho-
mogeneous insulating layer above a conducting surface, we can
take a first-principles approach to deriving the relationship be-
tween measured potential and the underlying source. Effectively,
SKPM involves finding

d
0=iU)E-§% (1)

where i(t) is the current measured by the lock-in amplifier and
Q(t) is the charge in the SKPM probe as a function of time ¢.
Given the timescale of the probe oscillations is slow (~50 Hz),
we can assume the system is electrostatic, and hence the charge
distribution can be expressed as a surface integral involving the
scalar potential ¢ on the probe surface, S;:

Q = _80%9 Vx¢(x) ' dnx (2)

where ¢, is the vacuum permittivity, V, denotes the gradient op-
erator with respect to the spatial coordinate x € R3, and dn, is a
unit area element pointing normal to the surface. If we consider
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Figure 1. Depiction of surface charge measurement with SKPM. a) The
probe-sample system forms a capacitor. When the probe is vibrated, the
measured current depends on the geometry and properties of the system
(the relevant parameters are discussed further in Section 2). b,c) Convert-
ing the measured potential (b) into an estimate for the surface potential
(c) requires accounting for the complexity of this system.

a small time-dependent movement of the tip, dh, we can rewrite
Equation (1) as:

_ dhdQ
= at dh f{ Zn V<) - dn, ()

For an arbitrary domain, D, bounded by a surface S, we can
write the electrostatic potential in terms of a Green’s function,
G(x, &) for (x, &) € R,

1
w9 =2 | oG 0 de

1
+ - ji VsV G(x, &) - dn,

“)

where p describes point sources (i.e., charges) within the do-
main and Vg describes the potential on the boundaries. The
Green’s function accounts for effects from system geometry (i.e.,
the shape of the probe, the insulating layer, and the probe loca-
tion relative to the surface), and V¢ describes the potential on
the boundaries. We note that G(x, &) vanishes at the boundaries
(€ € S). For the system shown in Figure 1, choosing the tip po-
tential as zero (V; = 0), and the potential far from the sample as
zero (V; _, ., = 0), leaves the only non-zero V terms correspond-
ing to the integral over the sample surface (i.e., the combination
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of applied potential V and the potential arising due to surface
work function variations Vi Vg + Vi # 0). In practice, what
is typically measured is the contact potential difference between
the probe and sample rather than a direct measurement of the
work function. These contact potential difference measurements
can be converted to work function measurements after calibra-
tion against a suitable calibration target.[?223]

If we limit our attention to a 2D sample with a 2D surface
charge distribution, ¢(£), on some plane, S, above but parallel
to the lower boundary, S, the potential simplifies to two surface
integrals

) = o P olGL 5 de
1 : (5)
+ o P (Varld) = V) VeG(x, ) - dn,
So

Substituting this expression for the potential into Equation (3)
gives

_ L do (1
’ fi dh V"(so fé o(6)Glx &) de

+7§ (Vwr(8) — V5)V:G(x, &) - dn§> - dn,
So

By noting that the scalar potential is finite, we can re-arrange for
the applied surface voltage V:

Vs jI{Vé U(g) - dn,

=L U de+ ;5 Vi (€)Y, U(E) - dn,

€9

where we have dropped the domains in the above surface inte-
grals as they are implied by the integrand, and we have intro-
duced

d
UE)= ¢ —V, G(x,&)-dn, 8
€= p g5 V<Cle - dn ®

To convert the above expression for the voltage at a single point
into a potential map describing the surface charge or contact
potential difference, we first consider how the Green’s function
changes when the tip is translated. For an infinitely wide uni-
form/flat sample, the Greens’s function is translationally invari-
ant, i.e., G(x, & — n) = G(x, &). Substituting ¢ — n — £ into the
above, we can write the voltage distribution V() for a scan over
the surface as:

V() = f %) g4,

u,(n)

+j{ul_(§)v\w(’7 -¢) dg

u, (1)

©)
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where we have introduced

o) = %U(n),
w(n) =VU(#)-n, (10)

U, (1) = }{ VU(n) - dn

Yo

The factors P, = 2 and Py; = % correspond to the PSFs for
u. 2

charge and work function in this geometry.

Calculating either of these PSFs analytically from first prin-
ciples is difficult. As we will show, however, both PSFs can
be calculated in finite-element simulations and measured ex-
perimentally. One interesting outcome we can see analytically
is the relationship between u, and u,. If we determine either
of these, we can easily calculate the other by simply integrat-
ing or taking the derivative. Furthermore, because in typical
SKPM operation the distance between the probe and the sam-
ple is large compared to the thickness of the insulating layer
(6), we can use a first-order approximation for the derivative to
give

8
uy(n;z2=906) = g—ul(n;z=0) (11)
0

since uy(z = 0) = 0 from the definition of our Green’s func-
tion (i.e., the requirement that the Green’s function vanish
at the boundaries). Replacing the vacuum permittivity by the
material permittivity e for the region between the charge sur-
face and backing electrode, we recover the simple capacitor re-
lationship between the measured SKPM potential and charge
densityl24]

0
P =~ =Py;. 12
% Py (12

o

As we mentioned in the introduction, this “capacitor heuris-
tic” is widely presumed throughout the literature, but to the
best of our knowledge has not been derived. Moreover, our
analysis here shows that the relationship is deeper than sim-
ple proportionality of surface charge density and voltage. This
is because it is not a priori clear that the PSFs in the two
cases should be the same; yet they are. This equivalence has
significant implications for calibration and measurement with
SKPM: it suggests that measuring either the surface charge
or work function PSF can give us complete information about
the other.

3. Results and Discussion

3.1. Numerical Determination of PSF Shapes

As a first verification of the predictions from the previous section,
and to explore over which length and permittivity scales they are
valid Equation (12), we built a COMSOL model for our probe-
sample system (full details are given in Section 5). Figure 2a—c
shows the electric potential between the a probe and the surface
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Figure 2. Simulations showing the potential distribution from charge and work function point-like sources and the corresponding PSFs. a—c) Normalised
potential distributions between the probe (top hemisphere) and surface (bottom edge) for (a) work function point with no insulator, b) charge point
on insulator, and (c) work function point beneath insulator. Scale bar shows 50 um. The dashed line marks the boundary of the insulator. Contours
(white lines) are equally spaced, illustrating the similarity in the potential gradient near the probe surface. d) Simulated PSFs for surface work function

(Swr) and charge (S,) points at two different heights above the surface e)

PSFs in normalised units (P), emphasising the similarity in shape between

simulated PSFs Sy and S, . f) PSF amplitude as a function of layer thickness (8) for different permittivities (€). For small insulating layer thicknesses
(i.e., small compared to the tip-sample distance and tip diameter), the relationship between signals from work function variations and charge are linear,

as illustrated by the dashed lines.

for the three relevant cases: a point-like potential with no insu-
lating layer, a point-charge on an insulating layer, and a point-
like potential beneath an insulating layer. These cases are for a
relatively thick (6 = 6 um) insulating layer with a relatively high
permittivity (e/e, = 4). The probe position and diameter are com-
parable to a realistic SKPM measurement with diameter 500 um
and probe-to-surface distance of 60 um. Near the point-source,
the shape of the potential differs significantly, demonstrating
how in general G, # G, . However, far from the point-source
near the probe surface, we can see that the resulting electric field
is quite similar for the three cases, supporting the applicability of
Equation (12).

Accordingly, the behavior we predict occurs in the simulated
PSFs (Figure 2d): all three PSFs have similar shapes, despite cor-
responding to slightly different physical situations. When the
simulated PSFs are normalised by the peak value (Figure 2e), we
see this more clearly as they collapse to the same curve. Figure 2f
plots the ratio between the work function PSF and the charge
density PSF. The linear relationship given by Equation (12) is
valid at small 6 (relative to the tip-sample distance and tip diam-
eter) for all ¢, but the range of this becomes shorter with increas-
ing e. Hence, we can conclude that the “capacitor heuristic” is
valid for typical insulators (e.g., those with permittivities e/e, < 5)
and typical probe geometries (i.e., large probe-to-sample distance
compared to the insulator thickness). For substantially thicker
surfaces or higher permittivities, it can indeed be expected to
fail miserably.
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3.2. Experimental Comparison of PSF Shapes

Beyond simulations, we can validate our ideas experimentally.
We do this by fabricating PSF “calibration targets”, i.e., very small
source features with which we can scan our SKPM to effectively
obtain PSFs. These are a small disc of metal and a point-like
charge spot for the WF and SQ cases, respectively. For the metal
disc, we performed lift-off lithography to evaporate a small gold
disc on a silicon wafer and then deconvolved the measured signal
by the disc shape to estimate the PSF.I'!l For the charge target, we
deposited a localized spot (2 ym diameter) of charge on a wafer
with a thermally grown SiO, layer (thickness 6 = 3 pm) using a
plasma focused ion beam (PFIB). We confirmed that the surface
geometry wasn’t changed significantly as a result of the PFIB pro-
cess by imaging identically prepared samples with atomic force
microscopy. Full details are provided in Section 5.

To acquire accurate estimation of the PSF using these charge
targets requires a relatively high scan speed to allow com-
plete aquisition before the magnitude of the charge changes
signiﬁcantly.[zsl Unlike the numerical PSF, the experimental
PSFs account for the effect of the different scan parameters, pos-
sible variations in probe shape, including scan speed and tip
motion.!]

SKPM scans for the two cases are shown in Figure 3. We con-
firm again that both PSFs have essentially the same shape; nor-
malizing each by the peak value, they largely collapse on top of
each other. The one notable difference is the relative size of the
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Figure 3. Experimentally measured PSFs for a work function (WF) and
charge (Q) signal. a) Comparison between slices of the PSF calculated
using the charge target and work function target. Shaded regions show
26 uncertainty estimate based on the measurement signal-to-noise ratio.
b) The estimated PSF for a work function target. c) The estimated PSF for
a charge target. Scale bars indicate 500 um.

error bars. The charge spot produced a significantly larger SKPM
signal, much larger than the SKPM system noise. The stronger
charge signal also allows measurement of higher frequency parts
of the PSF signal, revealing broadening of the PSF near the peak,
as we saw in our previous work with slower scan PSFs.['!l The
strong negative region in the WF signal around x = 0.5 is likely
an artifact resulting from a combination of the weak signal and
absence of high frequency information. In the Supporting Infor-
mation, we show the power spectra for these signals, which more
clearly demonstrate the improved signal-to-noise achievable with
the charge target. Hence, once again we see that our main result
is validated.

3.3. Surface Charge Measurement With SKPM

To measure the surface charge with SKPM, we need to separate
the contributions from the material/geometry from the contri-
butions due to surface charge and then convert the potential into
charge. For a relative charge measurement, e.g., charge added
due to a contact with another material, we can simply scan the
surface before and after the charging event and compare the po-
tentials

Uy
Vid = Vo = V1= @ —(0, - 0y) (13)

where o, , are the surface charge densities before/after the charg-
ing event and the surface integral corresponds to the first term in
Equation (9). To estimate the relative charge, we can deconvolve
the measured potential by the relevant PSFI!!]

o= P(:l ® Vs,rel (14)
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where we have used P;'® to denote the deconvolution. By us-
ing an experimentally measured PSF here, we implicitly account
for several measurement specific factors including probe-sample
separation, shape of the probe, and stray capacitance between the
measurement system. Care is taken to perform measurements
only near the centre of the wafer substrate to avoid edge-effects
from the finite nature of our samples. This approach is sufficient
for many types of contact charging experiments.

Figure 4 depicts a typical contact charging experiment: a sam-
ple of PDMS is contacted with a silicon wafer with a thin insu-
lating layer of SiO, (thickness 6 = 3 um). After removing the
PDMS the surface becomes charged.l®26%’] Figure 4b shows the
relative change in potential before/after the contact event. By de-
convolving the signal by the PSF, we recover the surface charge
left by the charging event (Figure 4c). We see that the charging
is non-uniform, largely due to the pattern we used to cure the
PDMS (our institute logo), and partially due to the peeling direc-
tion when removing the PDMS stamp, as has been previously
described.®?8] One region acquired a significant positive charge,
indicated by the pink region in Figure 4c where we were unable
to measure the charge accurately due to the limited voltage range
of our SKPM. The resolution of the recovered charge image is
related to the measurement bandwidth: a product of the probe
size and scan speed; while the accuracy is limited by the mea-
surement noise.

As further validation for the scaling factor used to convert
the work function PSF into a charge PSF, we compared SKPM-
derived charge measurements to those made with an indepen-
dent charge-measurement technique. We placed a silicon wafer
with a silicon dioxide layer inside a Faraday cup, contacted the
wafer with a PDMS stamp and measured the total charge remain-
ing on the wafer after the PDMS was removed from the Faraday
cup. We then transferred the wafer to the SKPM, measured the
surface charge density and integrated to calculate the net charge.

The results (Figure 5) show good agreement, especially in

a PDMS

SI/Sl02

10

0'/ nC.cm‘2

Figure 4. Example SKPM potential measurement and the deconvolution
to give the surface charge density. a) A charge pattern is created by press-
ing a PDMS stamp against a silicon wafer with a thin oxide layer. b) The
resulting SKPM signal b) can be deconvolved with the PSF to give the sur-
face charge density c). Scale bars show 1 mm.
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Figure 5. Comparison between SKPM and Faraday cup charge measure-
ments. a) Plot showing SKPM Qgypy, and Faraday Cup Q¢ charge mea-
surements. Panel b—f) shows the SKPM scans for samples in order of in-
creasing charge for each data point in the plot. Scale bars show 1 mm.
Error bars show 16 uncertainty in SKPM measurement (see Section 5 for
details), FC instrument measurement uncertainty was typically better than
1% and error bars are omitted. Shaded region shows uncertainty in fit.

the correlation factor: —-1.15 + 0.14 C/C. The sign difference
corresponds to a difference in convention used by the electrom-
eter and SKPM. The main sources of error, including the DC
shift, was estimation of the background charge level, including
how much charge was already on the surface before contact, and
charge transferred to the sample during handling. For relative
charge measurements, we find that the accuracy is comparable to
the Faraday cup charge estimation (for these samples). Other fac-
tors contributing to the difference in slope may be related to vari-
ations in oxide layer thickness, variations in permittivity, or the
limitations of the simple capacitor-like approximation we used
for the PSFs.

4. Conclusion and Perspectives

We have derived a relationship between the PSFs for work func-
tion and surface charge density in SKPM, and validated it in both
in simulations and experimentally. We found that, at least for
thin insulating layers and low dielectric constants, the widely-
presumed capacitor scaling is valid. However, we furthermore
have shown that the PSFs necessary to deconvolve SKPM data for
the charge/potential case have the same shape, differing only by
the capacitive scaling factor. While we have focused on the macro-
scopic SKPM technique, our results should also be extendable
to the nanoscopic counterpart of Kelvin Probe Force Microscopy
(KPFM), although the differences in length scales may limit the
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applicability. Our focus was on the connection between surface
charge and work function on a planar surface; however, we be-
lieve these results could be extended to other geometries and bulk
charge distributions.['”] Furthermore, we validated that SKPM is
a suitable tool for quantitative measurement of surface charge
on thin insulating materials. Importantly, measurements can be
calibrated without requiring separate simulations or calibrations
for the individual charge or work function cases. This has two im-
portant consequences; first, it enables the fabrication of calibra-
tion targets with much higher signals compared to conventional
work function-based targets, overcoming problems we previously
identified with the fabrication of calibration targets for SKPM, !
and second, it removes the need for repeated calibration of differ-
ent insulation-thickness combinations. We believe these results
could be useful for understanding phenomena as diverse as con-
tact electrification, corrosion, and formation of bio-films.[22%3]

5. Experimental Section

Numerical Modeling:  To simulate the work function and charge den-
sity PSFs were created, a electrostatics model in COMSOL Multiphysics
5.3a. For calculating the work function PSFs, a small potential disc was po-
sitioned on a grounded plate at different positions bellow the SKPM probe.
To explore the effect of adding a thin insulating layer, this simulation was
repeated with a thin dielectric layer covering the disc plate. For calculating
the charge PSFs, a dielectric layer was added above the plate and added a
point charge on the interface between the dielectric layer and air. To calcu-
late the SKPM potential, the current density was compared in the probe at
two different heights, as it was described in the earlier work.[']

Silicon Dioxide Wafer Preparation: Silicon dioxide wafer pieces with
varying oxide thicknesses were prepared by first cleaning using a two step
solvent clean (Acetone and Isopropyl alcohol in an ultrasonic bath) and
then baking at grater than 120°C (typically 300°C) for more than 30 min.
Different cleaning conditions give different initial surface potentials. It was
found that the baking step was important for achieving a uniform initial
charge distribution.

PFIB Target Fabrication: To fabricate the point-like charge target, a He-
lios G4 PFIB UXe was used with e-beam and ion-beam to create a small
charge spot on a silicon dioxide wafer. Clean 3 pm oxide wafers were
mounted on SEM pin stubs using double sided carbon tape. Samples were
loaded into the PFIB and the system was pumped to vacuum. After waking
the e-beam and ion-beam, we positioned the e-beam and ion-beam at the
corner of the wafer in order to link the stage and orientate the sample. The
ion-beam was set to 10 pA current and 30 kV acceleration voltage. Both the
jon- and e-beam imaging were then stopped, this was important to prevent
unwanted charging of the sample due to scanning of the beams in imag-
ing mode. The sample was then orientated perpendicular to the ion-beam
and positioned so the ion beam was focused directly above the desired tar-
get location. The ion-beam was configured to write a circular pattern using
the default milling parameters for Si. It was found that writing a circle with
diameter 2 um, with dosage per exposure of 1.0 x 107" pC/um? and 1 us
dwell time produced a target that could be measured without saturating
the SKPM. Total exposure time was approximately 4 s with an accumu-
lated dosage of approximately 7 pC/um? (total dosage of approximately
21 pC). The system was then shutdown, the chamber vented and the sam-
ple removed. The sample was transferred immediately to the SKPM where
argon was used to reduce the humidity above the sample in order to re-
duce charge decay.l*]

PDMS Stamp Fabrication: For creating charge patterns, PDMS
stamps were fabricated using a traditional soft-lithography approach. New
silicon wafers (p-type, Boron, (100), polished) were cleaned using iso-
propanol in an ultrasonic bath for 2 min, dried with nitrogen, and baked
at 110° C for 2 min to remove any residual water or isopropanol. SU-8
(GM1075, Engineering Solutions) was spin coated on the wafer at 500 rpm
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for 15 s to spread the SU-8 and then 100 s at 950 rpm to achieve the desired
thickness (~200 um). The wafer was baked for 10 min at 120° C. The wafer
was loaded into the mask aligner (EVG 610 with mercury bulb light source,
EV Group) and exposed to 750 m)/cm? with the target pattern. Patterns
were designed using Creo Parametric and printed on 0.18 mm Polyethy-
lene terephthalate (PET) film (JD PhotoData). The mask was mounted on
a 1.5 mm glass plate to more easily load it into the mask aligner.

Post-exposure, the wafer was baked at 95° C for 1 h and then devel-
oped in SU-8 developer with mild agitation, before being rinsed with iso-
propanol and hard baked for 5 min at 135° C. To allow easy removal of
the PDMS stamp from the SU-8 stamp, the wafer was dry silinised: sam-
ples to be silinised were placed in a vacuum desiccator with a small quan-
tity of silane (448931-10G, Sigma-Aldrich), pressure was reduced, vacuum
turned off, and left for 2-3 hours. For the PDMS stamps, 50 g of PDMS
(SYLGARD 184, Dow Chemical Company) was prepared with a 10:1 ratio
(50 g is sufficient to cover three 100 mm wafers). PDMS was poured over
the SU-8 stamps and degassed using a vacuum desiccator and nitrogen
gun to remove any bubbles before curing in an oven for 4 h at 80° C. PDMS
stamps could then be removed from the wafer when required.

Faraday cup Charge Measurements: To verify the SKPM charge mea-
surement, 10 X 10 mm Si wafer pieces with 3 um thermally grown oxide
were cleaned, discharged, and mounted in a custom made Faraday cup
connected to an electrometer (B2987B, Keysight). Prior to measurement,
the electrometer was self-calibrated according to the manual and left for
approximately 1 hour to allow it to stabilise. The Faraday cup was purged
with clean dry air prior to loading each sample, excess humidity in the
Faraday cup would often cause large drifts in the electrometer signal. The
electrometer was zeroed and a piece of PDMS (approximately 3 x 3 mm)
attached to a wooden stick was contacted with the wafer sample. The elec-
trometer value was recorded after the PDMS piece was removed from the
Faraday cup. After contact, samples were transferred to the SKPM to be
scanned. Care was taken to avoid touching the sample surface after con-
tact, potentially altering the charge — however, there may still be some ad-
ditional contribution to the measurement uncertainty due to the handling
and transport of the samples from the Faraday cup to the SKPM.

SKPM Charge Estimation: The wafer was scanned with SKPM and in-
tegrated the surface charge density to give the net charge. Due to how
the sample was mounted, it is difficult to scan the whole wafer, so only
the central region around where the PDMS was contacted with the wafer
was scanned. To estimate the error, the standard deviation was calculated
along the edge of the scanned region to give an estimate for the variation
in background signal across the wafer.
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