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High specific power (power per mass) ultralight solar arrays made of perovskite solar cells (PSCs) are
being considered to power spacecraft in deep space conditions as far as Neptune (30 AU). To
understand how PSCs perform and respond in deep space, we characterize PSCs under low-intensity
low-temperature (LILT) conditions before and after low-energy proton irradiation. PSCs show promising
performance characteristics under most LILT conditions even after exposure to low-energy protons.
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Introduction

Solar cells are an important power source for enabling non-
nuclear exploration of the solar system. Solar cells supply
constant, renewable power to a space mission vehicle and its
payload when in sight of the sun, allowing for sustained travel
to the outer reaches of the solar system. State-of-the-art (SOA)
space solar arrays use triple-junction solar cells based on III-V
compounds and germanium. However, these cells significantly
degrade with radiation exposure, requiring heavy coverglass
for shielding. Since perovskites were first identified as a
viable photovoltaic material, considerable research efforts have
been made regarding perovskite solar cells (PSCs) for space
applications."** Preliminary studies suggest that emerging ultra-
thin, flexible, and lightweight perovskite solar cells are naturally
radiation hardened,"*™ potentially enabling high specific
power'® solar arrays to be designed for power generation in high
radiation and deep space environments. Additionally, the low cost
of required materials means that PSCs are cost-effective.'

Here, we present two different PSC structures and demon-
strate experimental current density-voltage ( J-V) and external

“Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
91109, USA. E-mail: jgrandid@gmail.com

b School of Engineering, The Australian National University, Canberra, Australian
Capital Territory 2601, Australia

“ Thomas J. Watson Laboratories of Applied Physics, California Institute of
Technology, Pasadena, CA 91125, USA

4 Caelux Corporation, 404 N Halstead Street, Pasadena, CA 91107, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2ya00218c

298 | Energy Adv, 2023, 2, 298-307

further research into cell architectures and materials could improve PSCs for deep space applications.

quantum efficiency measurements (EQE) of PSCs operating
in low-intensity low-temperature (LILT) conditions mimicking
a deep space environment. The temperatures are as low as
—170 °C and light intensities as low as 1.52 W m™?, which
corresponds to solar irradiance at Neptune, 30 astronomical
units (AU) from the Sun. In this study, we label the light
intensity of a given measurement based on distance from the
Sun in AU, since solar intensity drops off as the square of
distance. 1.0 AU is the distance between the Earth and the Sun
and thus corresponds to the Air Mass Zero (AMO) spectrum.
Previous LILT studies’? looking at different PSC device
structures have observed similar performance trends with
respect to temperature and light intensity as we report here.
Brown et al. demonstrated temperature-dependent EQE and
LILT j-V measurements in Mars, Jupiter, and Saturn environ-
ments for a triple-cation PSC device fabricated using an n-i-p
architecture, meaning that the cell is illuminated from the
electron transport layer (ETL) side." They reported temperature-
dependent EQE and photoluminescence (PL) measurements that
show an increase in bandgap energy with increasing temperature
for perovskites and the absence of low-temperature phase transi-
tions in the triple-cation PSC.' In our study, we observe these
same effects in a double-cation PSC device fabricated using a
p-i-n architecture, meaning that the cell is illuminated from the
hole transport layer (HTL) side. Furthermore, Brown et al. pre-
sented J-V curves for PSCs operating in Earth, Mars, Jupiter, and
Saturn conditions, which demonstrate that the low-temperature
device performance improves at lower light intensities, ideal for
deep space applications.' Our study confirms these trends for two
different PSC device architectures, while extending the LILT

© 2023 The Author(s). Published by the Royal Society of Chemistry
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condition range to light intensities matching Uranus (19.2 AU)
and Neptune (30.0 AU). Sun et al. performed a LILT study on a
triple-cation PSC device fabricated using a p-i-n architecture,
which looked at simulated Martian surface conditions.> Their
work showed long-term stability of PSCs operating in Martian
surface conditions and noted that device performance was actu-
ally improved slightly after a simulated Martian day.” Sun et al.
also confirmed that low-temperature induced phase transitions
could contribute to the self-elimination of intrinsic defect states,
improving the device efficiency.””

Both studies by Brown et al. and Sun et al. state the promise
of PSCs for space applications, but continued research is
required before PSCs become a viable technology. To the best
of our knowledge, our study presents the most comprehensive
LILT condition study thus far, testing two different PSC archi-
tectures under a combination of five different light intensities
and six different temperatures. Due to the large size of our data
set, we can present cell efficiency charts that demonstrate clear
trends with respect to light intensity and temperature, which
highlight areas for future improvement of PSCs for deep space
applications.

Furthermore, we complement our LILT study by considering
the effect of low-energy proton radiation. While the radiation
hardness of PSCs has been heavily documented,"™” recent
studies have emphasized that low-energy protons are the most
appropriate radiation source for creating atomic vacancies and
probing radiation effects in perovskites representative of space
conditions.”"® Higher energy particles, which many previous
PSC tests have used due to their use in radiation tests for III-V
and silicon cells,? could actually create localized healing and
make tests less reliable.” Thus, Kirmani et al. call for new low-
energy proton radiation tests, such as the ones performed in
this study. We do observe some degradation in device perfor-
mance after radiation, but analysis of a champion cell shows
that it is possible for a PSC to retain a substantial portion of its
pre-radiation efficiency compared to SOA space solar cells.

PSCs have the potential to outperform SOA space solar cells
in two key metrics that are important for space applications:
radiation resistance and specific power. However, it remains
unclear whether this would be true in extreme LILT conditions
because very low temperatures at distances like Uranus (19.2 AU)
are difficult to measure experimentally due to temperatures
lower than what can be achieved using liquid nitrogen. Thus,
while initial measurements of PSC performance in less severe
LILT conditions look promising, our measurements also suggest
that performance would decrease at very low temperatures, and
improvements to cell architectures and materials would likely be
needed to improve PSC performance.

Results and discussion
Specific power of a perovskite solar array

The specific power of a solar cell is especially important for
space applications where the weight of payloads is a serious
consideration. Gdoutos et al.** from Caltech have developed a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lightweight 1.7 m x 1.7 m prototype solar array structure with
areal density of 150 g m 2. This array structure is designed to
be scalable up to 60 m x 60 m. At this size, it is estimated to
have an areal density of 50 g m > because areal density
decreases for larger structures.”’
cells are a thin-film technology that can be deposited via low-

Because perovskite solar

temperature processes, they can be fabricated on a range of
thin, lightweight, and flexible substrates or foils. At the cell level
(i.e., not encapsulated or integrated into a module), flexible
perovskite solar cells have been demonstrated with specific
power values as high as 26 kW kg™ ', compared to values of
<2.4 kW kg~ ' for current high-efficiency multi-junction cells
used in most space applications.”>** Fig. 1 presents the mass of
different solar array combinations using either SOA space solar
cells or perovskite solar cells. We calculate the areal density if
these cells were to be mounted on a standard structure®! or on
an ultralight structure currently being developed at Caltech.”'
Standard SOA solar cells on a standard structure have an areal
density of 2.13 kg m 2, whereas PSCs on the ultralight Caltech
structure would have an areal density of 0.25 kg m™2.>"** The
drastic reduction in areal density enables a high specific power
for the PSCs mounted on the Caltech structure. Large ultralight
and high specific power solar arrays could enable a new class of
deep space mission and a non-nuclear exploration of the solar
system.

Perovskite solar cell structure

Perovskites are a group of compounds that have the same ABX;
crystal structure as the mineral perovskite (calcium titanate -
CaTiO;). In a typical perovskite solar cell, the A site has a large cation
such as methylammonium (MA), formamidinium (FA), cesium (Cs),
rubidium (Rb), or a combination of these. The B site is a smaller
cation such as lead (Pb) or tin (Sn). The X site balances the charge
with one or more of the halides iodine (I), bromine (Br), or chlorine
(CI)." Since 2012, when the first solid state heterojunction methy-
lammonium lead iodide (MAPbI;) perovskite cell was introduced,”
perovskite solar cell technology has been one of the fastest growing
solar technologies, with efficiencies now reaching 25%.°

Fig. 2(a) and (b) show the perovskite solar cell structure for
cells from The Australian National University (ANU) and Caelux
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o
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Standard Struct  Caltech Struct  Caltech Struct
Fig.1 Comparison of the mass per area of current state-of-the-art solar
cells with perovskite solar cells. The perovskite solar cell structure assumes
no coverglass (due to the radiation hardness of perovskites) and a value of
0.0056 kg m~2 for the PSC, which is too small of a contribution to be
visible in the figure.
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Fig. 2 (a) ANU perovskite solar cell structure. (b) Caelux perovskite solar
cell structure.

Corporation, respectively. The ANU PSCs had an active area of
1 cm?® and utilized a double-cation, mixed halide perovskite
with composition Csg,,FA, 7sPbl, 55Brg 45 for the active layer.
The Caelux PSCs had an active area of 0.13 cm” and utilized a
similar triple-cation perovskite with composition Csg goFAg s-
MA, 11PbI, g5Bro 15 for the active layer. In both cells, the top
layer of glass serves as a rigid superstrate during the fabrication
process and provides some physical and environmental protec-
tion. However, preliminary studies on perovskite solar cells
show radiation tolerance surpassing other known photovoltaic
materials, even when radiated from the rear (non-glass)
side.""”"” While further studies are required to fully understand
and verify these results, they suggest that perovskite cells may
not require a heavy coverglass for radiation protection, further
reducing mass and volume, assuming that perovskite solar cells
have sufficient mechanical stability without glass encapsula-
tion, which is an active research topic.”” Thus, in our specific
power calculations, we omit the structural glass layer and
assume that the same cell structure could be deposited on an
ultra-lightweight polyimide film or foil.**

Low-intensity low-temperature (LILT) measurement conditions

To simulate the solar cell operation in deep space, we tested
PSCs at various mission-relevant temperatures ranging from
28 °C to —170 °C and light intensities based on the solar
irradiance from 1.0 AU to 30.0 AU. Table 1 details the solar
light intensities, temperatures, and radiation dose rates at the
distances of Earth and the outer planets. Solar light intensity is
inversely proportional to the square of distance and is calcu-
lated by dividing the value of the solar constant, 1367 W m ™2,
by the square of the distance (in AU). Approximate solar
array operating temperatures at these distances in space are

300 | Energy Adv, 2023, 2, 298-307
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Table 1 Relationship between distance, solar intensity, and temperature
at five different planets in the solar system. The lowest temperature that
can be tested in the liquid nitrogen (LN;)-cooled photovoltaic lab setup at
JPLis =170 °C

Distance Solar intensity Temperature Radiation dose
Planet (Au) (Wm™?) (°C) rate (rad s ')
Earth 1.0 1367 60 3x10°*
Jupiter 5.5 45.2 —140 8 x 107"
Saturn 9.5 15.2 -165 6 x107°
Uranus 19.2 3.71 —200 8 x 107"
Neptune 30.0 1.52 —230 3x107*

calculated by balancing heat flow through a solar array in
thermal equilibrium using the Stefan-Boltzmann law. In deter-
mining heat flow, we assume the same solar absorptivity and
emissivity for SOA cells and PSCs,*® yielding a close approxi-
mation to commonly used values."**?° In actual space
missions, these temperature values could vary slightly if the
cell absorptivity, emissivity, or efficiency differs or if the solar
intensity changes due to a particular mission path or distance
from the sun. Therefore, we use the values in Table 1 as an
approximate flight envelope. Lastly, the radiation dose rates are
calculated at L = 7 of each planet under 100 mil aluminum
shielding.*’ L = 7 means 7 times a planet’s radius from the
planet’s center on the equatorial plane and line with the same
magnetic field at different magnetic latitudes.

Low-intensity low-temperature (LILT) current density-voltage
(J-V) measurements

We first analyze LILT -V measurements taken on PSCs from
ANU and Caelux. These measurements were taken using an
X-25 solar simulator at temperatures and light intensities
determined by Table 1. The solar simulator was calibrated
using InGaP and GaAs calibration standards. To properly
measure the PSC test cells, a spectral mismatch correction
factor®® was calculated for our experimental setup as:

- wri?EAMO(/AL)SRef d) f ELamp })STeSICell(j-)d)L
J‘j?EAMO(/I)STcsthll d/l J. ELdmp ;V)SRcf( )d}

19542912
2746 249.7

= 0.83,

and applied to the PSC experimental data by dividing the
measured PSC test cell current by M.

Fig. 3 shows the J-V curves of a selected ANU PSC labeled
ANU9 and a selected Caelux PSC labeled CA3 at 1.0 AU and
19.2 AU. As intensity decreases from 1.0 AU to 19.2 AU, the
measured current decreases, which follows from the decrease in
the number of incident photons. The J-V curves of better perform-
ing cells have a higher fill factor, the ratio of the maximum power
to the product of the open-circuit voltage and short-circuit current.
In Fig. 3, we visually observe that fill factor tends to decrease as
temperature decreases, although this trend is not necessarily
monotonic at temperatures >—100 °C. For the ANU cell at
1.0 AU in Fig. 3(a), the highest fill factor is achieved at 28 °C with
a value of 0.50. As temperature decreases to —170 °C, the fill factor
decreases monotonically to 0.164. However, for the ANU cell at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Pre-radiation LILT J-V curves for (a) ANU9 cell at 1.0 AU, (b) ANU9
cell at 19.2 AU, (c) Caelux CA3 cell at 1.0 AU, and (d) Caelux CA3 cell at
19.2 AU.

Voltage (V)

19.2 AU in Fig. 3(b), the highest fill factor is achieved in the
middle of the temperature range at —50 °C with a value of 0.75.
As temperature increases to 28 °C or decreases to —170 °C, we
observe a decrease in fill factors to values of 0.67 and 0.53,
respectively. For the Caelux cell at 1.0 AU in Fig. 3(c), the highest
fill factor is achieved at 0 °C with a value of 0.69, while at
temperatures of —100 °C and —140 °C, we observe decreasing fill
factors of 0.38 and 0.14, respectively. For the Caelux cell at 19.2 AU
in Fig. 3(d), the highest fill factor is achieved at —50 °C with a
value of 0.68, and again we see a decrease in fill factor at —100 °C
and —140 °C with values of 0.65 and 0.34, respectively.

To further explore the effects of temperature and incident
light intensity, we look at the average cell efficiency for the PSCs
as a function of temperature at each intensity, shown in Fig. 4.
We observe a non-monotonic temperature dependence, which
has also been observed for a NiOx/triple-cation PSC device in a
recent study of the temperature coefficients of PSCs.** Notably,
Moot et al. found that these temperature-dependent trends were
different for four different PSC device structures,*® suggesting
that the ideal PSC device architecture may differ depending on
the specific LILT conditions. Importantly, Moot et al. also high-
light reversible changes in device efficiency with respect to
temperature, ruling out degradation as a mechanism for perfor-
mance change.*® To consider the effects of temperature-induced
or light-induced degradation in our study, we performed the
same 28 °C room temperature measurement before and after
subjecting the PSCs to LILT conditions. As shown in Fig. S6-S8
(ESIt), no signs of degradation are present, suggesting that the
observed trends are indeed reversible. Furthermore, we observe
that as light intensity decreases, the temperature at which
maximum efficiency is measured decreases. This leads to a trend
at lower temperatures, where the device efficiency improves as
light intensity decreases. This is attributed to a more efficient
extraction rate for the minority electrons under illumination, as
shown previously for a different PSC structure by Brown et al.’
We confirm these previous results from Brown et al. and Moot
et al. and further explain the trends by considering the effects of
non-radiative recombination, series resistance, and material
conductivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plots of average efficiency with respect to temperature at various
light intensities for (a) ANU perovskite solar cells and (b) Caelux perovskite

solar cells, both before radiation. The error bars denote the standard
deviation in the set of measurements (n = 3 cells in each case).

Non-radiative recombination is an unwanted process in
solar cells because it reduces the charge carrier density in the
solar cell, impacting the voltage, and to a lesser extent, the
current.>® Typically, the effects of non-radiative recombination
are lessened as temperature decreases® which could explain
the increase in efficiency as temperature drops from 28 °C to
—50 °C. The initial increase in open-circuit voltage with a
decrease in temperature (which is particularly obvious for the
Caelux cells in Fig. 3(c) and (d)) is the result of a reduction in
non-radiative recombination via thermally activated traps, and
thus an increase in charge carrier density in the active layer of
the cell. This is also observed in steady-state PL measurements
of perovskite films of the type used in the ANU cells (Fig. S1,
ESIt), which show a monotonic increase in emission intensity
with decreasing temperature. We also observe a small red-shift
in the PL emission peak. Similar temperature-dependent trends
in emission intensity and wavelength have also been reported
by others.™”:*

Fig. 4 also demonstrates increased efficiencies at lower light
intensities, which can likely be attributed to the effect of series
resistance. Series resistance losses can come from anywhere in
the cell and they cause a voltage loss proportional to the
current. Thus, power losses due to series resistance increase
as light intensity increases because of the higher maximum
power point current. Fig. 3(a) shows a J-V curve indicative of the
presence of series resistance, leading to a significant voltage
loss in the cell at the maximum power point, which explains the
poor fill factor at higher intensities. But, towards 19.2 AU, the

Energy Adv., 2023, 2, 298-307 | 301
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effects of series resistance are lessened, and the fill factor
improves.

We also consider series resistance, in conjunction with the
material conductivity of individual layers in the cell, with
respect to temperature. Series resistance can be extracted from
the measured J-V curves®” by approximating the slope of the
curve at the open-circuit voltage point (Fig. S2, ESIf). This
method is a rough approximation and does not work well at
lower light intensities, but it demonstrates that the overall
device series resistance increases as temperature decreases,
which is also reported by others.?®

To locate the effects of series resistance in the PSC archi-
tecture, we refer to the material conductivity of layers in the
devices. As shown for Cgo,*® tin oxide,*® and phenyl-C61-butyric
acid methyl ester (PCBM)*® layers, the conductivities of these
layers drop significantly as temperature decreases. Cg and tin
oxide layers are used as electron transport layers in the ANU
PSC and PCBM is used as an electron transport layer in the
Caelux PSC. A loss in conductivity contributes to an increase in
series resistance with decreasing temperature, thus limiting
the device efficiency. Furthermore, the effects of reduced con-
ductivity have been reported by other groups that also observed
similar S-shaped J-V curves to those we observe in Fig. 3 at
lower temperatures. These were attributed to a pile-up of
electrons and holes at the perovskite and charge transport layer
interface.*® Thus, it is clear that the effects of series resistance
and material conductivity play a large role in the PSC device
efficiency. The overall increase in the device series resistance at
lower temperatures explains the large loss in efficiency that
comes at the low-temperature side of Fig. 4 for both the ANU
and Caelux PSCs.

Furthermore, it has been shown that carrier mobility
and carrier diffusion lengths in perovskite layers using the
canonical CH;NH;PbI; composition tend to increase at lower
temperatures.*®*! Thus, combined with the increased carrier
lifetime implied by the increase in PL emission we observed in
Fig. S1 (ESIY), this indicates that the optoelectronic quality of
the perovskite layers improve with decreasing temperature. So,
while overall device efficiency drops at low temperatures, this
drop is likely due to factors like series resistance of the charge
transport layers or the interfaces between the charge transport
layers and the perovskite. This suggests that further device
optimization for LILT conditions should target these areas of
the cell architecture to improve upon.

The effects of non-radiative recombination and series resis-
tance together create an optimal temperature at which the
device efficiency is a maximum. At 1.0 AU in Fig. 4(b), series
resistance at lower temperatures plays a large role, so the
maximum efficiency occurs at a relatively high temperature.
At 9.5 AU, resistive losses are proportionally smaller, so cell
performance initially benefits from reduced non-radiative
recombination at lower temperature; hence, cell performance
peaks at a lower temperature compared to 1.0 AU. As the light
intensity is further reduced to 19.2 AU and 30 AU, series
resistance losses become very low, so the optimum efficiency
temperature drops further. However, we still observe a drop in
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efficiency at the extreme lower temperatures, suggesting that
conductivity losses and/or other temperature-dependent con-
tributions cannot be ignored.

Thus, we observe that the maximum efficiency point shifts
towards lower temperatures as the light intensity decreases. In
Fig. 4(a), the maximum average efficiency at 1.0 AU is 14.7%,
which occurs at a temperature of 0 °C. When the intensity
decreases to 19.2 AU, the maximum average efficiency increases
to 19.8% and is attained at a lower temperature of —100 °C.
This trend is demonstrated further in Fig. 4(b), where the
maximum efficiency at 1.0 AU is 21.0% at 0 °C, then shifts to
—50 °C at 5.5 AU and 9.5 AU with maximum efficiencies of
21.5% and 19.8%, respectively, and then shifts to —100 °C at
19.2 AU and 30 AU with maximum efficiencies of 19.6% and
21.1%, respectively. This trend is well-matched to space appli-
cations where both operating temperatures and light intensity
decrease with distance from the Sun. However, it is important
to note that with our current results, the temperatures and light
intensities listed in Table 1 do not match the optimal condi-
tions. Thus, while the trend looks promising for deep space
applications, optimization of cell materials and architectures
could further improve the performance under LILT conditions.

Temperature-dependent external quantum efficiency (EQE)
measurements

We look at temperature-dependent EQE measurements of the
PSCs. One ANU PSC was tested at various temperatures ranging
from 30 °C down to approximately —170 °C, and the resulting
EQE curves are shown in Fig. 5(a). The EQE plateaus around
0.8 and the bandgap is shown to be around 760 nm or 1.63 eV.
We observe little change due to temperature, which is unlike

EQE

400 600 800 1000
b Wavelength (nm)

1
w O
]
i

0

730 740 750 760 770 780 790

Wavelength (nm)

Fig. 5 (a) Temperature dependent EQE measurement of ANU cell 5. (b)
Same measurements as in (a) but zoomed in to the bandgap around
760 nm. As shown, there is a slight temperature trend with the curve
steepening, and a slight red-shift of the EQE band-edge as temperature
decreases.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the temperature-dependent EQE measurements taken on other
solar cells*® that demonstrate a much larger bandgap shift with
temperature. With the photoluminescence data shown in
Fig. S1 (ESIt), we observe that bandgap energy increases with
increasing temperature. This trend is opposite that of tradi-
tional semiconductors,*® and it has been documented pre-
viously for PSCs."*® Fig. 5(b) zooms into the wavelength
region near the bandgap, and we observe a small but clear
temperature trend as the EQE curve steepens as the tempera-
ture is decreased, and there is slight red-shift of <5 nm,
indicating bandgap narrowing. Furthermore, existing measure-
ments in the literature’ demonstrate a similar weak depen-
dence of bandgap on temperature in PSCs. This suggests that
perovskites are unusual compared to other common semicon-
ductors used in space-based solar cells such as III-V materials,
where a pronounced temperature dependence is expected.*?

Low-energy proton radiation measurements

Due to the low thickness of perovskite solar cells, low-energy
particles can have a strong interaction with the active material
and potentially inhibit the solar cell performance. This is in
contrast to high energy particles, which are more likely to pass
straight through with minimal damage. Recent studies
have highlighted the need for further analysis of PSCs under
low-energy proton radiation,®'® so considering the energy
deposition efficiency of a particle’s energy and the energy range
of available accelerator laboratories, the 75 keV proton was
selected as the low-energy proton test condition.

The expected total ionizing dose (TID) and the displacement
damage dose (DDD) of the perovskite solar cell under Europa
Clipper mission fluence in space configuration (isotropic
velocity distribution) was calculated using a Monte Carlo
high-energy particle transport tool, MCNP6.** The TID was
estimated from the direct (total energy deposition) output of
the MCNP6. The DDD of protons or electrons was calculated
by an energy integration of the product of (1) differential flux of
given particles in the perovskite solar cell (MCNP6 output) and
(2) the published Nonionizing Energy Loss (NIEL) of corres-
ponding energies.*>*® The NIEL of the tested perovskite solar
cell material is not known, therefore the NIEL value of HgCdTe
was used because among the materials with known NIEL
values, it is the most similar to the perovskite material based
on the atomic numbers of the constituents and relative com-
positions. For the laboratory test carried out at the Boeing
Radiation Effects Laboratory (BREL), the TID and the DDD were
simulated at various energies of protons by a similar method
described above, but in a lab configuration (directional beam).

We evaluated the impact of low-energy protons at 75 keV
with a flux of 2 x 10° p+em ™2 s™* for up to 24 hours in 6 hours
increments at room temperature. These exposures correspond
to doses of 4.32 x 10" p+cm ™2, 8.64 x 10" p+em ™2, 1.30 x 10**
p+em 2, and 1.73 x 10™ p+em 2. The highest fluence of 75 keV
proton corresponds to about one third of the TID and twice of
the DDD of the Europa Clipper mission.

After low-energy proton radiation was conducted, the same
LILT J-V measurements as the pre-radiation measurements

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were taken again. The presentation of the data set can be
found in the ESIT (Fig. S4 and S5), which demonstrates cell
parameters with respect to radiation fluence. As expected, cell
efficiency decreases with respect to radiation fluence and
becomes severely limited at the highest fluence. However, the
chosen radiation fluences are relatively high compared to
typical proton radiation testing conditions for space solar
cells.”*™ This was chosen to study the proton radiation
response of unshielded PSCs in harsh radiation conditions
for long missions such as Europa Clipper.

Thus, we focus our analysis here on the lowest radiation
fluence of 4.35 x 10" p+em 2, which is still a higher fluence
than many of the previous experiments cited above. The
analysis here demonstrates that when measured under LILT
conditions, it is possible for PSCs to be relatively robust to
moderate low-energy proton radiation exposure. The cell ANU9
was radiated with 75 keV low-energy protons with a fluence of
4.35 x 10" p+em > Fig. 6(a) shows the J-V curves of the ANU9
cell at 19.2 AU and Fig. 6(b) shows the post-radiation efficiency
with respect to temperature for the ANU9 cell. Compared to the
pre-radiation J-V curves (dotted lines), we observe some degra-
dation in the cell performance, but it still retains much of its
efficiency. Compared to current SOA cells that have been tested
without coverglass,"”*® the PSC retains a much higher fraction
of its pre-radiation efficiency.

Discussion of PSC performance

Our study confirms temperature-dependent and intensity-
dependent trends from previous studies®**** utilizing two
distinct cell architectures from ANU and Caelux, while also
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the ANU9 cell with respect to temperature at various light intensities, with
pre-radiation efficiencies shown in dotted lines.
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performing radiation tests on the same cells to contribute to
the limited literature on low-energy proton radiation tests for
PSCs.»'® With the resulting large data set of measured PSC
efficiencies, we predict how the ANU PSCs would perform
relative to SOA cells in the context of a space mission to Jupiter
(5.5 AU, —140 °C from Table 1). Measured without the effects of
radiation, SOA cells have demonstrated efficiencies exceeding
35% at 5.5 AU and —140 °C.*® With this efficiency, a standard*
SOA space solar array has an estimated specific power of
6.5 W kg~ '. This value could be increased using the ultralight
Caltech structure,*' yielding a projected specific power of
12 W kg~ '. We compare these values to the projected specific
power of ANU PSCs mounted without coverglass on an ultra-
light Caltech structure,>* using both pre-radiation and post-
radiation efficiencies. Pre-radiation efficiencies are an average
of 3 measured cells, as shown in Fig. 4(a), and post-radiation
efficiencies are from the champion cell as shown in Fig. 6(b).
Then, at 5.5 AU and —140 °C, the projected ultralight PSC
array specific power is around 24 W kg~ * before radiation and
7.3 W kg ! after radiation. The projected ultralight PSC array
specific power clearly exceeds estimated standard SOA space
solar array values. However, if the SOA cells were to be similarly
mounted on an ultralight Caltech structure, then the PSC array
does not have a clear advantage, particularly when comparing
with the post-radiation PSC value. Although the SOA values are
assuming no radiation, the SOA cells typically employ a pro-
tective coverglass layer to prevent severe radiation degradation.
Thus, because the SOA values assume coverglass and the PSC
values do not assume coverglass, we compare the beginning-of-
life SOA value (6.5 W kg™, 12 W kg™ " with ultralight structure)
and the post-radiation PSC value (7.3 W kg '). From this
comparison, PSCs show promise to enable higher specific
power arrays than currently available. However, if improve-
ments were made to SOA cell arrays that would likewise enable
the SOA cells to be mounted on ultralight structures, the PSCs
tested here would not offer a conclusive advantage over SOA
cells, especially if we consider more extreme LILT conditions
where the PSC performance degraded.

We cannot make a direct comparison at more extreme LILT
conditions such as Uranus (19.2 AU, —200 °C) because this
requires a temperature of —200 °C, and the lowest temperature
that can be tested in the LN,-cooled photovoltaic setup at JPL is
—170 °C. However, both Fig. 4 and 6(b) suggest that efficiencies
would likely decrease at lower temperatures like —200 °C, and
thus PSCs may not outperform SOA cells. Because these low
temperatures are not currently achievable, further research
must be done to make the comparison between PSCs and
SOA cells at these extreme conditions. Regardless, the mea-
sured PSCs suffer significant reduction in cell efficiency at
extreme low temperatures, suggesting that cell architectures
and materials may have to be optimized for LILT conditions.

A comparison of the temperature and illumination depen-
dent performance of the ANU and Caelux cells in Fig. 3 and 4
reveals significant differences between the two cell types which
may provide guidance on future optimization for LILT conditions.
Apart from the active areas (1 cm? versus 0.13 cm?), which could
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explain the relatively high series resistance, and hence low fill
factor of the ANU cells under 1.0 AU illumination, other notable
differences between the cells are the perovskite composition and
the rear electron transport layer stack. It is likely that both may
contribute to the differences in LILT performance, but further
LILT studies that compare different types of PSC architectures and
material choices are required to identify the specific contributions
of each layer and the optimal material combinations. In this
context, we propose that future studies and optimization for LILT
performance should focus on three distinct aspects of the cell
design: (i) tuning of the perovskite composition to take advantage
of low-temperature phase transitions that can improve material
quality;” (ii) selecting charge transport materials with a high
carrier concentration and/or intentionally increasing the doping
level so a reasonable conductivity can be maintained at low
temperatures, and (iii) optimizing the device structure and fabri-
cation to maximize shunt resistance, as low-light performance is
severely impacted by low shunt resistance.® To support this,
detailed characterization of the fundamental semiconducting
properties (e.g. bandgap, energy levels, mobility, carrier density,
etc.) of different perovskite compositions and charge transport
layers at deep-space temperatures below —170 °C is required, as
much of this information is currently unavailable. Then, on the
device level, along with light -~V measurements and EQE mea-
surements such as the ones in this study, other solar cell
characterization techniques such as dark j-V measurements or
power-dependent measurements could be employed to further
investigate device performance in LILT and radiation conditions.
Lastly, in situ characterization of PSCs in radiation and LILT
conditions simultaneously would help to eliminate uncertainty
introduced by the handling of devices and delay between irradia-
tion and characterization of devices. While much work has gone
into researching PSCs for space applications, continued research
that compares specific materials and device structures® in full
LILT and radiation conditions is vital to enabling viable PSCs for
deep space missions.

Experimental
ANU cell fabrication

The indium tin oxide (ITO) substrates were sequentially cleaned in
detergent, acetone, isopropyl alcohol and ethyl alcohol for 20 min
in an ultrasonic bath, and then dried with nitrogen. Cleaned ITO
substrates were exposed to approximately 30 min of UV-O3 treat-
ment before the subsequent deposition step. ~15 nm nickel oxide
thin films were deposited on the pre-cleaned ITO substrates by
radiofrequency magnetron sputtering at 150 W and 18 sccm Ar and
2 sccm O, gas using a nickel oxide target under a pressure of
1.5mTorr. The pre-fabricated nickel oxide thin films were then
transferred to a furnace, and annealed 30 min under a controlled
oxygen atmosphere. For the ~5 nm PTAA (a poly(triaryl amine)
semiconductor) thin film deposition, ~50 uL PTAA solution
(2 mg ml™" in chlorobenzene) was dropped onto the ITO/NiOx
substrates and deposited by spin-coating at 4000 rpm for 20 s.
The perovskite film (Csp2,FA¢7sPb(Cly03Bro1sloss)s, 1.2 mmol

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(68.6 mg Csl, 99.1 mg PbBr,, 161 mg FAIL 429 mg Pbl,) in 0.8 ml
dimethylformamide (DMF) and 0.2 ml dimethyl sulfoxide (DMSO)
with 5 mol% MACI and 3 mol% PbCl, additive) was deposited by
one-step spin-coating at 3000 rpm with a ramp of 100 rpm s~ * for
12 s. After spinning, the substrate was transferred immediately into
a vacuum chamber and pumped down to 120 mTorr for 20 s, then
1.5 torr for 15 s before releasing the pressure to ambient, followed
by annealing on the hot plate at 120 °C for 15 min. After the
substrate had cooled down, GuBr solution (2.5 mg ml™" in
2-propanol) was spun on at 4000 rpm with a ramp of 1000 rpm
for 15 s, followed by annealing on the hot plate at 120 °C for
15 min. The Cq (20 nm) and bathocuproine (BCP) (~5 nm)
electron transport layers were sequentially deposited via thermal
evaporation at 0.1 A s~'. Next, a thin sputter-protection layer of
SnOx (~10 nm) was deposited by atomic layer deposition at 83 °C
(Beneq TFS200). The hot source vessel (55 °C) was charged with N,
for 200 ms before a 100 ms pulse of the TDMASH, followed by 12 s
purge with N, at 300 sccm, water pulse for 200 ms and 12 s purge
with N, at 300 sccm. Then a 30 nm indium zinc oxide (IZO) layer
was deposited by sputtering. Finally, the ~100nm gold electrode
was deposited through a shadow mask (cell area 1.0 cm?).

Caelux cell fabrication

Patterned ITO glass substrates with sheet resistance of
15 Ohm sq " were cleaned in soap water, DI water, Acetone
and then isopropyl alcohol for 15 min respectively, followed by
15 min treatment in UV ozone. NiO of 20 nm were deposited by
a RF sputter at 120 W and then annealed in N,/H, (95/5) at
350 °C for 10 min. After cooling down to room temperature,
NiO-coated substrates were transferred into N,-filled glovebox.
Perovskite precursor of 1.3 M Csg ooFAg sMA 11Pb(Io.95Br0.05)3
was dissolved in DMF/DMSO (v/v 4/1). 50 pl precursor was
deposited on NiO and spun at 4500 rpm for 40 s, and antisolvent
DEE of 200 pl was dripped at 7 s before the end of spinning. Then
samples were annealed at 110 °C for 10 min. The thickness of
perovskite is around 500 nm. PCBM (20 mg ml " in chloroben-
zene) was deposited on perovskite layer at 1000 rpm for
60 s and followed by BCP (0.5 mg ml™" in isopropyl alcohol) at
4000 rpm for 20 s. Silver of 120 nm was thermally evaporated
under vacuum at 1 x 10~° Torr. The active area is 0.13 cm’.

Light current density-voltage measurements

Light J-V measurements were taken at JPL using the Spectrolab
X-25 Mk II Solar Simulator. The measured cells were held in
vacuum and light /-V measurements were taken while varying
light intensity and temperature. To record the operating tem-
perature of each individual cell tested, a thermocouple was
attached to the back of each cell. The bulb light intensity was
adjusted for different measurements to correspond to the solar
intensity at distances from the sun of 1.0 AU, 5.5 AU, 9.5 AU,
19.2 AU, and 30 AU. These solar intensities were calibrated
using InGaP and GaAs standard calibration cells. The cell
temperature was lowered using LN,, and the lowest achievable
cell temperature in the lab is —170 °C. Starting at 1.0 AU and
then going to lower intensities, light /-V measurements were
taken at 28 °C, 0 °C, —50 °C, —100 °C, —140 °C, —170 °C with a
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tolerance of +5 °C. For each light intensity and temperature
condition, the voltage of each cell is swept three times in each
the forward and reverse direction, and the resulting current is
measured. The standard deviation between the three sweeps
was typically <1%, so our results present each cell as the
average of the three forward sweeps for consistency and brevity.
Additionally, in the presentation of j-V curves, the figures
depicting J-V curves show the first forward sweep of each case.
After measuring at —170 °C, the system was brought back up to
28 °C and a new measurement was taken and compared to the
initial 28 °C measurement to verify the reversibility of trends
and lamp and cell stability in LILT conditions. In all our
experiments, we found that the measurements taken at 28 °C
both before and after cooling and heating were consistent,
indicating cell and lamp stability. The same exact procedure,
equipment, and cells were used for both the pre-radiation and
post-radiation measurements.

External quantum efficiency measurements

EQE measurements were taken with JPL’s test setup. A Spectral
Products DK240 high resolution 3 meter monochromator was
used to generate a narrow-spectrum beam, which was directed
through a vacuum chamber’s optical window and onto the cell
mounted within. The beam was calibrated with a bare silicon
standard. Vacuum was drawn in the chamber, and EQE was
measured at 28 °C, 0 °C, —50 °C, —100 °C, —140 °C, —170 °C,
and then again at 28 °C, all with a tolerance of +5 °C. Calibra-
tion and measurements were completed with room lights
turned off to reduce error.

Proton radiation

Proton radiation was conducted at the Boeing Radiation Effects
Laboratory (BREL). The cells were exposed to 75 keV protons
with a flux of 2 x 10° p+em?® s™* for up to 24 hours in 6 hours
increments. These exposures correspond to doses of 4.32 X
10" p+tem™2, 8.64 x 10" p+em 2, 1.30 x 10™ p+em 2, and
1.73 x 10" p+em 2. The glass layer used to grow the perovskite
solar cells acts as an unwanted radiation protection layer for
the purpose of this study. Therefore, to evaluate the true impact
of proton radiation on perovskites, the solar cells were exposed
with the back layer facing the proton beam. To perform the
tests, the cells were placed in the radiation chamber at room
temperature. The test plate had four columns of cells, with each
column corresponding to the amount of time that the cells were
irradiated. Each column had one ANU cell, but we could not
test the Caelux cells similarly because the Caelux cells are part
of a single footprint made up of many cells. Thus, they could
not be separated for the radiation test. Additionally, one ANU
control cell was shipped and handled like the other cells but
not subject to proton radiation. Because proton radiation was
conducted at a different facility than the LILT j-V measure-
ments, shipping and handling time between the irradiation
and characterization could introduce the potential for perfor-
mance recovery or other changes in device performance. While
some performance change is unavoidable, all cells, including
the control cells, were shipped and handled with the same
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protocol to preserve the validity of comparisons between cells at
difference radiation fluences.

Photoluminescence characterization

Further experimental details on the low-temperature photolu-
minescence measurements can be found in the ESL.{

Conclusions

We have conducted a study of two different types of PSCs in lab-
controlled deep space conditions across a wide temperature
and light intensity range. The PSCs have different structural
compositions, and thus respond differently to light intensity
and temperature. The Caelux PSCs start off with a higher
efficiency of 19.4% at 1.0 AU and 28 °C compared the ANU
PSC efficiency of 14.5%. However, at the most extreme LILT
conditions tested (19.2 AU, —170 °C), the ANU PSCs retain a
relatively high efficiency of around 14.3% while the Caelux PSCs
suffer a larger loss in efficiency, down to 8.6% (19.2 AU,
—140 °C). While the rate at which efficiency changes as a
function of light intensity and temperature differs between the
cells, both PSCs demonstrate a trend where the optimum
efficiency temperature decreases as intensity decreases. While
this trend is promising for deep space applications, the mea-
sured optimal conditions do not correspond with actual
mission-relevant conditions, and the PSCs demonstrate reduced
performance at very low temperatures. We also show post-
radiation LILT data for a champion ANU cell that demonstrates
that PSCs can retain a substantial portion of their pre-radiation
efficiency even without protective coverglass. However, as with
the pre-radiation measurements, we observe reduced perfor-
mance at very low temperatures. These observations prompt
research looking at the cell architecture and material composi-
tion to determine if PSCs can be better optimized for LILT
conditions, particularly by looking at the charge transport layers
and material interfaces as mentioned in our discussion section.
With further development, PSCs could potentially enable ultra-
light photovoltaic structures for deep space applications.
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