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Abstract—Surfaces of satellites and spacecraft are exposed to high energy charged particles from the solar
wind, especially during space weather events. This can lead to differential charging, which is a common
reason for hardware degradation and sensor errors. Solutions like coatings are required to avoid excessive
cost and weight. Mimicking the electron part of space-like environments in ultra-high vacuum (UHV)
chambers can be achieved by using electrons emitted by a scanning electron microscope (SEM). As a per-
formance test for the discharge capabilities we use the quality of electron microscopy images on otherwise
insulating substrates such as glass, structured by nanosphere lithography and coated with an ionic liquid
(IL). Additionally, the surface potential was measured by Kelvin Probe Force Spectroscopy. The IL film
(BMP DCA) was applied ex-situ and a thickness of 12.8 (+0.8) nm was determined by reflectometry
and confirmed by dynamic atomic force microscopy. Such a film of ionic liquid would lead to an additional
mass of below 20 mg and negligible additional material costs. The light absorption and influence of ionic
liquid coatings on the current output of an actual solar cell were investigated. The results indicate, that these
coatings are promising candidates for surface charge mitigation with a high potential for application.

Keywords: Conductive coating / Charging mitigation / Tonic liquid / Solar panel / Satellite / Surface charges /

Spacecrafts

1 Introduction

A number of solar storms have led to malfunctions or
damage of infrastructure in space and even on Earth via charging
and uncontrolled voltage buildup (Lu et al., 2019; Bonin et al.,
2010). Satellite anomalies have been recorded at geosyn-
chronous orbit altitudes (Choi et al., 2011). Especially beyond
10,000 km altitude or at high inclinations (+50 degree latitude),
a high differential surface charging hazard is experienced leading
to potential differences of several thousands of Volt across
various parts of a satellite (Garrett and Whittlesey, 2012).
This includes the geosynchronous orbit for which SCATHA
and ATS missions reported electron current densities of
6 x 10" e/(mzs) in average and 1.66 X 10" e/(mzs) under
storm conditions and average ion current densities of
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3 % 10" e/(m?s) (Garrett and Whittlesey, 2012). The magni-
tude, sign, and dynamics of the total charging of a conduct-
ing spacecraft have been studied by data taken on the Van
Allen Probes in geosynchronous orbit altitudes, positive as
well as negative charging, the latter up to 1000 V, has been
detected (Sarno-Smith et al., 2016). Also, at low earth orbit,
though considered less invasive, occasional or periodic charging
through high energy electrons has been reported (Anderson,
2012).

As solar cell cover glasses as insulating parts are most
affected, the requirements for film mitigating charging involve
high optical transparency in the photovoltaicly absorbable band
(i.e. 375-850 nm) while maintaining decent electrical conduc-
tance in order to balance the above-mentioned current densities.
Secondary parameters are low-weight (i.e. thin films) and ease
of application to achieve low costs, as large areas have to be
coated. Materials fulfilling these requirements are rare, as good
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electron conductors, due to only small or absent band gaps,
usually are opaque.

Thus, various existing mitigation strategies come with
their own sets of drawbacks. A common practice is to accept
surface charging and design spacecraft components accordingly,
so they may withstand these conditions. However, such
approaches require significant computational work (Vostrikov
and Prokofeva, 2022). To avoid discharges, minimum distances
between solar modules can be increased leading to greater mass
and size. Counter-charging via ion sources is possible but hard
to apply homogeneously, and over longer periods of time they
can damage the surface.

Another approach is the application of conductive surface
coatings. Coating solar cells with indium tin oxide is costly
and even if an additional anti-reflection coating is applied,
spectral power losses are in the range of 2-3% for a 100 nm
thick film, (Biyikli et al., 2004) and would subsequently lead
to lower solar cell power output. Conductive polymers such
as Poly-3,4-ethylendioxythiophene (PEDOT) are sufficiently
conductive, yet show significant light absorption, even in
ultra-thin films (Singh and Kumar, 2019; Kim et al., 2011),
disqualifying them from being considered for applications as
protective coatings for solar cells. Also, they may degrade under
long-term UV radiation.

Ionic liquids (IL), salts with melting points below room
temperature, have already proven themselves as conductive
coating materials in electron microscopy, especially for either
very rough and/or wet biological samples (Arimoto et al.,
2008; Tsuda et al., 2011). Their vapour pressure is almost neg-
ligible (Ravula et al., 2019), thus they are stable under vacuum
conditions. Additionally, they are also inexpensive, easy to
apply and mostly transparent. In this work, we address, whether
ionic liquids can function as a conductive molecular film for flat
insulator surfaces such as the cover glasses of solar cells in the
context of space applications.

We mimic the electron radiation of space-like environments
using the electron beam of a scanning electron microscope.
We assess charge mitigation performance by means of SEM
imaging performance, i.e. good contrast of a test structure and
absence of typical charging features. In addition we used Kelvin
probe force spectroscopy to quantify residual charges in terms
of surface potentials. Experiments were performed at atmo-
spheric pressure, high vacuum and ultra-high vacuum to demon-
strate stability over a wide range of pressures. The thickness of
the coating was determined by reflectometry and validated using
atomic force microscopy. Absorption measurements in the vis-
ible range and short circuit currents of coated and untreated
commercially available solar cells do not suggest noticeable
light absorption and hence we expect little if any effects on
the power output.

2 Sample preparation

As test samples, we used glass coverslips (Menzel). These
were UV-ozone treated for approximately one hour in order
to increase hydrophilicity, before further preparation. To gener-
ate nanoscopic structures on these otherwise unstructured
samples, we utilized nanosphere lithography, first introduced

by Fischer and Zingsheim (1981). These serve as reference
structures on the samples in subsequent AFM and SEM mea-
surements but are not required to form the conductive layer pro-
posed in this work. We created a 1:1 solution of the as-provided
polystyrene spheres (diameters 0.1, 0.3, 1.0 or 3.0 pm,
Microparticles GmbH, Germany) dispersion (10% w/v) and
ethanol. Drop-casting 5 pL of this solution on the substrates
resulted in self-assembly and subsequent formation of monolay-
ers of hexagonally-packed arrays exhibiting triangular voids
between the spheres. This includes occasional defects such as
domain boundaries and free areas. A ~30 nm thick film of
Au (purity 99.999%) was evaporated on the polystyrene spheres
(PS) in a BOC Edwards Auto 500 thin film coating system in
thermal evaporation mode at a pressure of around
5 x 10~* Pa. No adhesion promoter has been used. The film
thickness was monitored in situ by a quartz micro-balance. Both
structures, sphere mask and Au islands, and the film thickness
have been checked by force microscopy (Park XE-100) under
ambient conditions. The polystyrene spheres were dissolved
using tetrahydrofuran (THF) in an ultrasonic bath for 25 s.
Varying the diameters of the spheres used, triangle edge lengths
of 1.5 um to 150 nm can be achieved, depending on the sphere
diameter used and the position of the sample and gold source
relative to each other inside the coating system.

After removing the spheres, residual material may be left at
the sphere positions, presumably originating from the PS disper-
sion. To remove those, the sample was again UV-ozone treated
(PSD series, Novascan) for 90 min.

The IL coating is applied by drop-casting a solution of 3%
1-Butyl-1-methylpyrrolidinium  dicyanamide (BMP DCA,
Iolitec) in deionized water onto the coverslip, which has been
UV-ozone treated again (~90 min), to increase hydrophilicity.
The excess liquid was removed by wiping the sample with a
cloth after which it was left to dry in air (Fig. 1).

3 Coating thickness

The film thickness was determined using a commercial
reflectometer (NanoCalc-XR, Ocean Optics) by placing a
sample on a silicon wafer and irradiating it using a deuterium
lamp. The intensity of the reflected light depending on the
wavelength was measured. Fitting the acquired spectrum using
a model of a stacked system of (from top to bottom) BMP DCA
(n = 1.5; Gonzilez et al., 2012), glass (n = 1.46; Aspnes and
Studna, 1983) and silicon (n = 3.98; Malitson, 1965) yielded
a film thickness of 12.8 + 0.8 nm corresponding to an increased
mass per area of 15 mg/m?.

To investigate whether the IL forms a continuous layer, we
carried out AFM measurements in ambient, comparing a glass
sample with gold nanotriangles to a sample with gold nanotrian-
gles and a BMP DCA coating. Topographies acquired using a
“non-contact” silicon cantilever (SSS-NCHR, Nanosensors)
are shown in Figure 2.

The uncoated gold structures (Fig. 2, left) appear to be
~25 nm high, which is in agreement with the target thickness
of the gold film during evaporation. The image clearly shows
triangles with sharp edges of slightly varying lengths. Where
the polystyrene spheres have been located prior to removal,
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Figure 1. Scheme of preparation of the IL layer.
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Figure 2. AFM topography images of gold nanostructures prepared by nanosphere lithography (using 3 um spheres as mask) without (left) and
with (right) a coating of BMP DCA. Changes in resolution and apparent heights of the gold triangles are clearly visible.

some residual material is visible, despite the additional
UV-ozone treatment. This indicates, that it is some inorganic
material, yet its origin is unknown.

The topography image acquired on the coated sample
(Fig. 2, right) shows gold structures as well, yet they generally
lack triangular shape and do not exhibit as pronounced edges
as was previously the case. We attribute this to the layer of
BMP DCA on top, which would smooth out such edges by
forming menisci to minimize surface energy. The oscillation
frequency of ~350 kHz of the cantilever should repress the peri-
odic formation of a meniscus of liquid between tip and samples
(Santos and Verdaguer, 2016), an effect that may also be sup-
ported by repulsive interaction between tip and liquid due to
the tip’s low hydrophilicity. Thus, we believe that the surface
of the ionic liquid film was imaged. This is in accordance with
the increase in height of the gold structure up to 60 nm with
respect to the substrate. Due to the higher hydrophilicity of the
gold compared to the glass substrate, droplets may form around
the triangles. This, on the other hand, indicates a rather thin film
left on the glass, especially as the broader shape and distribution
of the gold structures can still be identified. As the above-men-
tioned residue visible on the uncoated sample can no longer be
observed, possibly the layer is still thick enough to encapsulate
it, if it was not removed by the application of the coating already,

e.g. by successive wiping of the sample. In view of these results,
the thickness determined by reflectometry seems plausible.
Moreover, due to the absence of gold structures of solar cell
cover glasses, thickness inhomogeneities in the ionic liquid layer
on the scale observed should not occur.

AFM measurements can of course only cover a very limited
surface area. Regarding the homogeneity of the IL film on larger
scales, the evaluation of SEM images such as depicted in
Figure 3 is more useful. Uncoated areas would yield distinct
charging signatures of the exposed glass while areas of increased
coating thickness would be darker in SEM images, due to a
decrease in detected secondary electrons. We did, however,
not observe such behaviour in our SEM observations, which
indicates that the film is in fact homogeneous. Furthermore,
we did not observe changes in BMP DCA coatings homogeneity
over the course of several months for the UHV stored sample,
suggesting sufficient stability for applications. Additionally,
using the thickness information given, based on sputter yield
coefficient considerations (Schmid, 2023), we estimate with an
ion current density of 3 x 10" e/(m?s) (Garrett and Whittlesey,
2012) it would take several hundred years for the BMP
DCA layer to be eroded by proton sputtering. As the solution
applied to create the IL film already consisted of 97% water,
we regard additional water intake due to the hygroscopic nature
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Figure 3. Left: SEM image of bare glass with gold nanostructures prepared by nanosphere lithography (using 3 pum spheres as mask), 5 keV,
1.5 x 10'® e/m?, The metal nanostructures are hardly visible due to excessive charging (compare right). Right: Same sample type as left, but
now coated with BMP DCA, 5 keV, 1.8 x 10'® e/m? The metal nanostructures are clearly resolved.

of IL, i.e. during ground storage, to be negligible. For samples
stored at ambient conditions, IL films were also stable at least
for days.

4 Imaging in SEM

To assess the general performance of the IL films, measure-
ments were performed in a conventional electron microscope
(EVO MA 10 SEM, Zeiss). The vacuum in the chamber was
in the regime of 10~ Pa. Primary energies of the electrons were
varied from 5 keV to 25 keV, though the images shown in
Figure 3 were both acquired at 5 keV primary electron energy.
The beam current was in the range of ~100 pA. When scanning
over an image of 100 pum?, this results in effective current den-
sities of 1 A/m* ~ 6.2 x 10" e/(m”s), which is approximately
six orders of magnitude higher than the aforementioned current
densities in space.

Conductive Ag lacquer was applied to the sample surface
prior to IL coating to establish an electric connection between
the glass slide and the SEM sample holder, to which the
samples were glued by a conductive carbon pad.

In Figure 3 a comparison between two differently treated
glass samples is depicted. The image on the left was obtained
from a glass sample with gold nanotriangles, whereas the image
on the right shows the same type of sample with an additional
coating of BMP DCA. Both samples were subjected to the same
aforementioned pressure and beam current. The uncoated
sample was imaged at low magnification i.e. at a lower
equivalent current density of 6 x 10'® e/(m”s). No clear image
of the surface could be acquired. The dominating feature is a
bright region, essentially spanning across the entire picture.
Such regions are typical indicators of sample charging. Elec-
trons accumulate on the surface and their fields interfere with
the primary electrons, reflecting them towards the detector
(Shaffner and Veld, 1971). The dark fringes seen around such
heavily charged regions are also a result of the electric fields
on the sample surface, as secondary electrons emitted there
are guided away by lateral fields (Cazaux, 2004). On the left

side of the image, a grey area can be seen. This could be a gold
island, where no polystyrene spheres had assembled. This island
continues out of the image frame. As the gold layer is conduc-
tive, even though at a floating potential, the accumulated charge
would remain at a lower density, enabling at least temporary
imaging of that specific region.

On the coated sample (right), the triangles and larger gold
islands produced by the nanosphere lithography can be
observed, as they appear brighter than the underlying glass. This
is a result of higher electron density and thus interaction cross-
section of gold compared to silicon and oxygen, hence increas-
ing secondary electron yield. As 3 um polystyrene spheres were
used for the assembly, the edges of the triangles show edge
lengths of below 1.5 pum. Contrary to the AFM measurements
discussed earlier, in this image the triangles still have sharp
edges and tips, supporting our explanation that previously
(Fig. 2 right) the surface of the liquid has been imaged. For
the electron beam, however, such a thin ionic liquid film should
be more or less transparent, since it is mainly comprised of light
elements at low density so that the electrons mainly interact with
underlying materials.

Figure 4 shows an SEM image of a BMP DCA-treated glass
sample with gold nanostructures prepared by nanosphere lithog-
raphy using 300 nm spheres as a mask. Again, the gold struc-
tures appear brighter than the underlying substrate. Due to the
smaller PS spheres used, triangle edge lengths are below
150 nm. Domain boundaries are also visible, as well as a region
at the top left, in which the substrate appears brighter than in the
rest of the image. This likely corresponds to the onset of surface
charging, similar to what was observed in Figure 3 left, although
in this case much weaker. We attribute this to inhomogenities in
the BMP DCA film: it might be thinner in that particular region
and therefore exhibits a lower conductivity. As the magnifaction
for this image was higher than in the previous ones, so was the
effective current density and also the total electron density of
1.8 x 10* e/m”. This is two orders of magnitude more than
in the previous images and roughly represents the amount of
charges, a solar panel in space would be exposed to over the
course of an entire year, assuming average conditions.
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Figure 4. SEM image of BMP DCA treated glass with gold
nanostructures prepared by nanosphere lithography (using 300 nm
spheres as mask), 5 keV, 1.8 x 10%° e/m?.

As the exposure in our device only takes seconds, it is
possible that in actual space environments, no noticeable charg-
ing would occur. At longer time scales distribution processes
such as diffusion across the surface, both of the ions as well
as the electrons, could lead to a decrease in the total surface
potential. Additionally, exposure to direct sunlight might
resolve such charge accumulations by the emission of photo-
electrons. On the other hand, although experiments were
performed at primary energies of 5 keV, which should be higher
than a significant portion of the electron spectrum in space, elec-
trons with even higher energies might lead to the generation of
ions buried inside the glass. These can, of course, not be miti-
gated by coating the surface. Furthermore, performance
decrease due to damage by ionizing radiation has not been
considered.

Ultimately, to make predictions regarding the long-term
behavior of such a coating, it will be important, to better under-
stand the underlying mechanism preventing the build-up of
surface charges. Apart from a simple model of electrons
hopping from one ion to another, we can not rule out other
processes such as chemical reactions taking place in the IL
(ultimately leading to a finite amount of charges that can be cap-
tured, depending on the IL layer thickness) or a supercapacitor-
like behaviour, in which the IL effectively shields the surface
charges (by extension such a behaviour would indeed also
shield the potential generated by buried ions).

5 Surface potential measurements

As the SEM images only yielded qualitative information,
we measured the surface potential of our sample by Kelvin
Probe Force Spectroscopy (KPFS). To this end, we used a
DuoProbe UHV-VT-SPM system by RHK, coupled with a
UHV-SEM (Orsay Eclipse+). The base pressure in this instru-
ment is 2 x 1078 Pa, which also better mimics conditions in
space. The KPFS measurements were performed utilizing quartz

tuning forks with a Pt/Ir wire as a tip attached to one prong. This
method was introduced by Giessibl and Trafas (1994).

In short, the shift of the eigenfrequency of the tuning fork is
measured when the tip is close to the surface. This shift is due to
interaction forces (e.g. van der Waals forces or Coulomb
forces due to charges on the surface) between the metal tip
and the surface. For KPFS, a voltage is applied to the sample
to compensate for the surface potential. If this is achieved, the
forces between tip and sample are minimized. The dependence
of the frequency shift on the potential difference, and hence on
the voltage, is parabolic. By determining the voltage required
for compensation, one can therefore also determine the surface
potential, which, in this case, can directly be attributed to the
presence of charges on the surface.

In Figure 5 the results of such a surface potential measure-
ment for glass with gold nanostructures (red) and glass with gold
nanostructures and BMP DCA coating (blue) after exposure to
~10"" e/m? each are depicted. The measured frequency shift
is plotted versus applied voltage. The data for untreated glass
was obtained at negative frequency shift, as in this scenario
attractive electrostatic forces are dominant (at least as long as
tip and sample are not in contact). This also means compensat-
ing the surface potential actually maximises the frequency shift.
At the maximum of the parabolic curve is clearly shifted to-
wards a positive voltage. Requiring a positive voltage for
compensation means the actual potential of the surface is nega-
tive, which is what one would expect for a negatively charged
surface. Using a parabolic fit function, we find the minimal fre-
quency shift to be at 97 V bias voltage, i.e., the surface potential
is —97 V. Considering, that for total reflection of the primary
electrons potentials similar to their primary energy are required
(Belhaj et al., 2006), the measured potential is rather low. This
points to partial charge depletion after deposition.

In order to estimate the residing charge density, a simple
electrostatic model can be employed. Assuming the charges
on the glass (thickness: 0.15 mm, relative dielectric constant:
4.6) form a capacitor with the metallic sample holder, such
potentials would correspond to charge densities of approxi-
mately 10'* e/m?, disregarding the vicinity of the tip. This is
far lower than what the sample was exposed to. However, this
is expected, as the secondary electrons reduce the net charge
residing at the surface. Additionally, the initial charge directly
after exposure is likely larger than at the time of potential mea-
surements because of ongoing discharging processes. In fact,
repeating this measurement several times yielded consistently
decreasing surface potentials, until after one day a stable surface
potential of —33.6 V was reached. This indicates that, although
experiments were conducted in UHV environments, some
residual discharging channels remained. This may be due to
the native hydration layer of the glass sample, as it has not been
heated in the chamber. Another decay channel may be due to
the tip of the AFM itself, since its distance to the sample surface
is low, potentially enabling tunnelling transport or even inter-
mittent contact. As a result, quantitative information on the
actual surface charge density after electron exposure is hard to
obtain from this method.

For the coated sample, the same procedure suggests +0.08 V
bias voltage for full surface potential compensation and thus a
surface potential of —0.08 V. (Before electron exposure surface
potentials of 0.3 V were observed). Such small surface poten-
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Figure 5. df-V-spectroscopy curves for glass with gold nanostruc-
tures (red) and glass with gold nanostructures and BMP DCA coating
(blue) after exposure to ~10'7 e/m> each. Tip material: Pt/Ir Crosses
indicate experimental data, continuous lines the parabolic least-
square fits. Red fit: —0.00016 Hz/V> x (V=97 V)>—15 Hz; blue fit:
—0.00037 Hz/V> x (V—0.08 V)*+4 Hz.

tials are usually not the result of charges on the surface, but
rather from the contact potential difference between tip and
sample (Sadewasser and Glatzel, 2012). Note that in this mea-
surement, we chose the frequency shift to be positive, in con-
trast to the previous example (Native glass —15 Hz, coated
glass +4 Hz). The change in sign corresponds to the dominance
of repulsive interaction, e.g. Pauli repulsion. This choice has
practical reasons: while for charged surfaces long range
Coulomb interaction makes it easy to approach in the attractive
regime, thus avoiding tip-sample contact, for uncharged
surfaces, such attractive interactions are limited to short ranged
van-der-Waals forces. This makes it significantly easier to
approach in the repulsive regime. However, for evaluation, this
does not make a difference but only adds a constant offset to the
curves. Based on such tuning-fork frequency shifts, a more pre-
cise assessment of charges at surfaces after exposure to electrons
may be achieved by taking into account the localised charge
upon localized electron exposure in conjunction with effects
due to the vicinity of the tip (Orihuela et al., 2016). Observing
the charge density evolution in time and space would be a
promising approach for identifying conduction mechanisms
for IL.

6 Light absorption of the BMP DCA coating

Having demonstrated the ability of thin ionic liquid films to
mitigate surface charging, the question remains, whether such a
coating is expected to impact the power output of solar cells,
especially by additional light absorption in the IL layer.
To address this, we measured the absorbance of a BMP DCA
film on glass, prepared according to the same procedure as
before. This time, no gold nanostructures were prepared to
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Figure 6. Absorption for a BMP DCA layer on borosilicate glass at
different wavelengths.

avoid interference with the BMP DCA absorption signal.
Absorbance Spectroscopy was carried out in a commercial
device (Specord 50, Analytik Jena) using a white light source.
As a reference sample, we used a UV-Ozone cleaned glass
cover slide to acquire only the absorbance related to the addition
of BMP DCA.

According to the Beer-Lambert law, a relative absorption in
% can be calculated from this, indicating the fraction of light
absorbed by the introduction of the BMP DCA coating. The
results are shown in Figure 6. Above 350 nm the absorption
is 0.2% or lower, while for lower wavelengths strong variations
due to the onset of absorption of the borosilicate glass, and thus
low values of detected photons are observed.

The absorption shown for wavelengths greater than 350 nm
is in the range of the device’s measurement uncertainty, sug-
gesting negligible absorption of the IL film. In any case, light
absorption is significantly lower than the typical 2-3% absorp-
tion of 100 nm thick films of indium tin oxide (Biyikli et al.,
2004).

These findings are in agreement with measurements of short
circuit currents shown in the Supplementary material: for a
given illuminance, the current only decreases in the range of
1-3%, with uncertainty in the same range.

We thus do not expect the proposed coating to affect the
power output of solar cells, yet dedicated testing of this would
be advisable.

7 Conclusion & outlook

We have presented a procedure to generate nanoscopic sur-
face coatings using ionic liquids such as BMP DCA. AFM and
reflectometry measurements verified that the thickness of such
conductive coatings is in the range of a few tens of nanometers.
By imaging gold nanotriangles on insulating substrates in SEM,
we showed that the coating is sufficiently conductive to com-
pensate for effective current densities far exceeding average
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conditions in space. Additional measurements of the surface
potential of BMP DCA coated glass compared to uncoated sam-
ples confirmed that no residual surface charges accumulate. As
the layers were exposed to rather harsh conditions, we expect
that they should be well suited for mitigation of surface charges
in actual space environments.

Additionally, we have found that our BMP DCA shows no
distinct absorption in the visible range, which is consistent with
our observation that solar cells coated with BMP DCA produce
only slightly reduced short circuit currents compared to
uncoated cells. The absorption is also lower than that of indium
tin oxide, all while being far less expensive than the latter.

Both electrical and optical properties could, of course, also
undergo detrimental changes when exposed to ionizing radia-
tion for longer periods of time. This potential degradation
requires further studies. Although we do not regard the sputter-
ing of the film by highly energetic protons to be problematic,
how the layer in general reacts to the exposure with ions will
be studied in a later step.

Furthermore, as the conduction mechanisms in ionic liquids
are rather poorly understood, we think time and spatially
resolved Kelvin Probe Force Spectroscopy measurements could
yield valuable insights.

To definitively assess its performance, testing ionic liquid
coatings in actual space environments will be a necessary step.
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