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ABSTRACT: In exploring the viability of perovskite solar cells
(PSCs) for Mars missions, our study first delved into their
temperature endurance in conditions mimicking the Martian
climate, revealing remarkable thermal stability within the temper-
ature range of 173−303 K. We then pioneered the examination of
PSC resilience to electrostatic discharge (ESD), a critical factor
given the frequent Martian dust activities. In a custom-built
Martian simulation chamber, we discovered that ESD exposure
dramatically reduced the power conversion efficiency of these
devices by more than half (55.4%) in just 90 s. This
groundbreaking research not only advances our understanding of
the potential of PSCs for Mars exploration but also opens new
avenues for optimizing solar technology in extreme environments.

1. INTRODUCTION
Solar power is an inexhaustible source of energy for deep space
exploration missions, especially for the Martian and Lunar.
Currently, high-efficiency space photovoltaic technologies such
as silicon, GaAs, InP, and III−V multijunction solar cells with
lifetimes exceeding 10 years in low-earth orbit are widely used
in spacecraft and satellites.1 With the continuous development
of space applications, such as space stations and Moon/Mars
surface bases, the next generation of space exploration projects
will require increasingly more power. Therefore, there is a high
demand for new photovoltaic technologies in the upcoming
space competition.
Organic−inorganic hybrid perovskites show great potential

for highly efficient thin-film solar cells due to panchromatic
light absorption, long carrier lifetime, low exciton binding
energy, high defect tolerance, and low-temperature solution-
based fabrication method.2−6 The waterless and oxygen-free
conditions of space are more conducive to the stable operation
of perovskite solar cells (PSCs). PSCs are inexpensive to
manufacture and have a higher power-to-weight ratio
compared to existing III−V multijunction solar cells.7

Additionally, the previous studies demonstrate significant
advantages of PSCs in lightweight and tolerance under high-
energy particle irradiations. Kang et al. have successfully
fabricated ultralight and flexible PSCs with the orthogonal
silver nanowire transparent electrodes, which demonstrated a
remarkable power-per-weight ratio of 29.4 W g−1.8 Lang et al.
reported that the triple-cation PSCs maintain 95% of its initial
efficiency after proton irradiation with an energy of 68 MeV
and a total dose of 1012 cm−2.9 Noteworthy, several groups
have already tracked the behavior of PSCs in real space

environment to promote their space applications. In 2018,
Manca et al. conducted a high-altitude balloon flight
experiment that reached an altitude of 32 km to track the
performance of PSCs and to observe the evolution of
maximum power point over time and temperature.10 In
2019, Zhu et al. sent their mixed-cation PSCs into near
space through a high-altitude balloon at an altitude of 35 km to
track the stability of mixed-cation PSCs.11 The device absorber
sustained 95.19% of its original power conversion efficiency
(PCE) during the test. In 2020, Buschbaum et al. reported the
launch of PSCs on a suborbital rocket flight, tracking device
current−voltage characteristics in variable illumination states.12
These studies suggest that perovskite photovoltaic materials
have great potential for use in space applications.
There will be substantial power requirements for a future

Mars surface base, and there is little doubt that solar cells will
play an important role. However, there remains a lack of
electrostatic discharge (ESD) tolerance investigations of PSCs
under the dust activities based on a simulated Martian surface
environment, which could be helpful in evaluating the
application potential of PSCs on Mars. Dust is pervasive in
the Martian environment. In massive global dust storms, the
fast Martian winds at low pressure can carry vast amounts of
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dust and generate ESD phenomena,13,14 resulting in occlusion
or abrasion of solar cells. Sand and dust particles on Mars
surfaces can become electrically charged through friction,
resulting in smaller grains carrying negative charges and larger
grains carrying positive charges of similar composition.15−17

During convective aeolian processes, lighter grains with a
negative charge are lifted upward while heavier grains with a
positive charge remain closer to the surface, resulting in the
generation of an active electric field (E-field).18−20 The
likelihood of ESD on Mars is higher due to its thin
atmosphere, which has a significantly lower breakdown E-
field threshold (BEFT) compared to Earth’s BEFT.21−24

Therefore, investigating the performance evolution of PSCs
under ESD in Martian dust activities is crucial for future base
station construction on the Mars surface.
Herein, we fabricated the Cs0.03FA0.97PbI3-based PSCs with a

sandwich structure consist of ITO/NiOx/[2-(9H-carbazol-9-
yl)ethyl]phosphonic acid (2PACz)/perovskite/C60/bathocu-
proine (BCP)/Ag. First, the temperature tolerance of PSCs in
simulated Martian temperatures was investigated. The PSCs
exhibited sufficient thermal stability against temperature
changes between 173 and 303 K. Subsequently, we constructed
a Martian chamber capable of simulating ESD in Martian dust
activities and conducted the first-ever investigation on the ESD
tolerance of PSCs. We demonstrate a significant decline of
55.4% in the PCE of the PSCs within an exposure time of 90 s
to ESD. These investigations indicate that ESD in Martian dust
activities is an enormous challenge for the future application of
PSCs on Mars.

2. EXPERIMENTAL SECTION
2.1. Materials. Lead iodide (PbI2) (Xi’an Polymer Light

Technology, 99.99%), cesium iodide (CsI) (Sigma-Aldrich,
99.999%), FAI (Xi’an Polymer Light Technology), N,N-
dimethylformamide (DMF) (Sigma-Aldrich, anhydrous,
99.8%), dimethyl sulfoxide (DMSO) (Sigma-Aldrich, anhy-
drous, 99.9%), anisole (Sigma-Aldrich, J&K Seal, Super Dry,

water ≤20 ppm, 99.7%), isopropanol (IPA) (Sigma-Aldrich,
anhydrous, 99.5%), NiOx (Xi’an e-Light New Material), C60
(Xi’an Polymer Light Technology), [2-(9H-carbazol-9-yl)-
ethyl]phosphonic acid (2PACz) (TCI, >98.0%), and bath-
ocuproine (BCP) (TCI, purified by sublimation, 99.0%) were
all used as received without further purification.

2.2. Device Fabrication. The prepatterned ITO substrates
were cleaned by an ultrasonic instrument by sequentially
washing with a DI water bath with 2% Triton X-100 v/v, DI
water, and IPA for 30 min each. The blow-dried ITO
substrates were cleaned by UV−ozone treatment for 20 min,
followed by spin coating the NiOx ink (20 mg mL−1 in IPA: DI
= 1:3 v/v) at 3000 rpm for 30 s and then annealed at 100 °C
for 10 min. A 0.5 mM 2PACz solution in ethanol was spin-
coated on a NiOx substrate at 3000 rpm for 30 s and then
annealed at 100 °C for 10 min. The precursor was spin coated
at 1500 and 6000 rpm for 15 and 25 s, respectively. During the
second stage, 150 μL anisole was dropped onto the surface at
the last 10 s, and the substrate was annealed at 100 °C for 10
min. C60 (23 nm) and BCP (8 nm) layers were successively
formed by thermally evaporating. Finally, approximately 100
nm Ag electrodes were deposited on top of the BCP layer by
thermal evaporation under a high vacuum. The PSCs were
encapsulated by a cover glass with UV glue (Loctite 3106).

2.3. Device and Film Characterization. A Keithley 2400
source unit was employed to obtain J−V curves under
simulated AM1.5 solar illumination at 100 mW cm−2 (1
sun). For the J−V curve measurement, the active area of all the
devices was masked using a metal mask with an area of 0.04
cm2. The calibration of light was enabled by a KG-5 Si diode
with a solar simulator (Enli Tech, Taiwan). The devices are
measured in reverse scan (1.15−0 V, step 0.01 V) and forward
scan (0−1.15 V, step 0.01 V) with a delay time of 30 ms at
room temperature.

2.4. Mars Chamber and EDS Experiments. In this study,
one Mars environment chamber (MEC) was built at Shandong
University, Weihai. The ESD normal glow discharge (NGD)

Figure 1. (a) Schematic diagram of the MEC for the ESD experiments. Upper and lower electrodes used in the ESD experiment, with a PSC on the
lower electrode. (b) Photograph of the ESD-generated plasma between the upper and lower electrodes. (c) Crystal structure of the Cs0.03FA0.97PbI3
perovskite material. (d) Sketch and cross-sectional SEM of the investigated inverted PSCs.
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experiment of PSCs was conducted in the MEC to investigate
the tolerance of PSCs under the ESD induced by Mars dust
activities. A schematic diagram of the MEC and peripheral
function units is shown in Figure 1a. The MEC has the
capability to regulate Mars-relative environmental parameters
(gas pressure, gas components, and temperature) and can also
be attached to multiple in situ spectral measurement units. For
accurate and reliable measurement and control of gas pressure
(from 0.1 to 1000 Pa), the MEC integrates a pressure sensor,
an electronic mass flow meter, a gas pressure controller, and an
oil-free vacuum pump. In addition, a customized four-channel
gas mixer with four electronic gas flowmeters was utilized for in
situ mixing of CO2, N2, Ar, and O2 during pumping. The
composition of the gases could be easily adjusted. The
temperature of the MEC was regulated by a customized
heating and cooling stage, which was installed inside the MEC
and connected to a temperature controller and a liquid
nitrogen pump by electronic and gas feedthroughs. The
controllable temperature (−123 to 473 K) covered the
temperature range of the Martian surface with good uniformity
and stability (±0.5 K). The ESD-NGD setup involved two
copper electrodes, each with a diameter of 35 mm, placed
within the MEC. These electrodes were positioned at a fixed
distance of 6.0 mm from each other. We used an alternating
current power (220 V, 50 kHz) plasma generator connected to
a touch voltage regulator that was directly connected to the
discharge electrodes in the MEC. All experiments were carried
out at room temperature.

3. RESULTS AND DISCUSSION
Although the Martian atmosphere does not meet the general
requirements for generating lightning, it is possible to generate
electrical discharges in the event of strong surface winds during
a large dust storm on Mars. The measurement of negative

potential gradients on Earth has revealed values reaching
several thousand volts per meter during dust storms with
sufficiently strong winds.25,26 Owing to a lower pressure in the
Martian atmosphere, the required voltage for electrical
breakdown is lower than on Earth.27−29 The numerical
simulation of the electrostatic field in Mars dust devils has
been studied by many workers using different experimental
technique models. Farrell and co-worker found that large
vertical E-fields (20 kV m−1) can develop in the dust devil on
Mars using an electrodynamic model.14 Conti and Williams
investigated the breakdown potential gradient under varying
CO2 densities, revealing a maximum of only 20 kV m−1 in the
Martian atmosphere with CO2 densities of 2 × 1017 cm−1.30

Eden and Vonnegut investigated the breakdown potential
gradient of dust in a CO2 atmosphere at low pressure (10
mbar), showing only 5 kV m−1.31 On the basis of the known
breakdown potential gradient of Martian dust and past
laboratory experiments, the tolerance of PSCs in the ESD of
Martian dust devils was examined by E-fields of 20 kV m−1.
The Martian surface environment is a complex system

characterized by intricate climatic conditions, significant dust
accumulation, and the presence of intense cosmic radiation, all
of which have the potential to hinder the power generation
capability of PSCs.32−34 To streamline the simulation process
and concentrate on investigating the effects of ESD and
temperature on the PSCs, this study solely simulated ESD and
temperature variations specific to Mars, without considering
other environmental factors.35 A schematic diagram of the
MEC and peripheral function units is illustrated in Figure 1a.
The configuration of the MEC is shown in Figure S1. The ESD
experiment of PSCs was conducted in the MEC to investigate
the tolerance of PSCs under ESD induced by Mars dust
activities. A photograph of the ESD-generated plasma between
the upper and lower electrodes is shown in Figure 1b.

Figure 2. Performance of solar cells for various temperature experiments. The statistics for (a) PCE, (b) Jsc, (c) FF, and (d) Voc were derived from
the J−V curves of the solar cells tested under various temperature experiments.
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Considering the balance between stability and efficiency, we
fabricated inverted PSCs based on a sandwich structure
consisting of ITO/NiOx/2PACz/perovskite/C60/BCP/Ag.

36

The chemical formula of the perovskite is confirmed to be
Cs0.03FA0.97PbI3. The schematic of the perovskite crystal, the
PSC structure, and the cross-sectional scanning electron
microscopy (SEM) are shown in Figure 1c,d, respectively.
The C60 and NiOx serve as an electron-transporting layer
(ETL) and a hole-transporting layer (HTL), respectively. The
perovskite layer (thickness, ≈650 nm) of various cation/anion
compositions was prepared by spin-coating precursors on the
HTL. The C60 and BCP layers were successively formed by
thermally evaporating. The Ag layer (thickness of ≈100 nm)
was thermally deposited on top of the ETL layer. PSCs were
encapsulated using UV glue with a cover glass without any
impact on device performance. Figure S2 shows the typical
current density versus voltage (J−V) curve of the PSCs under
AM 1.5 illumination, which yields a champion PCE of 21.02%
with a short-circuit current density (Jsc) of 23.36 mA cm−2, an
open-circuit voltage (Voc) of 1.05 V, and a fill factor (FF) of
85.72%.
Temperature plays a key role in the operation of PSCs, as

they largely determine the carrier transport characteristics
(responsible for Voc) and the magnitude of the series resistance
(responsible for the FF). Therefore, prior to conducting ESD
experiments, the thermal stability of PSCs was assessed.
Subsequently, PSCs were packed in aluminum-covered
evacuated container. A variety of orbiters and landed missions
have obtained measurements of ground and near-surface air
temperatures (temperature extremes: 175−298 K) on
Mars.7,37,38 Then, we designed two experiments to study the
effect of Mars temperature on the PSCs. The first experiment,
PSCs were exposed to temperatures of 303 and 173 K,
corresponding to the highest and lowest temperatures of the
Mars surface, respectively. In the second experiment, the solar
cells were exposed to a cyclic temperature change from 173 to
303 K, simulating the diurnal temperature changes of the
Martian environment. As a result, for up to 100 h of
experimental testing, all encapsulated PSCs mostly maintained
performance without losing Jsc and Voc at 173 and 303 K, as
well as under cyclic temperature changes, as shown in Figure 2
and Tables S1−S4. The test result can be ascribed to the
protective natureof the packaging and the perovskite material
at low temperatures, similar to some previous studies.39,40

Moreover, this implies that the temperature conditions
prevailing on the Martian surface do not inflict any detrimental
impact on PSCs, thereby highlighting the significant potential
of PSCs as prospective solar cell candidates for Mars.
The perovskite film serves as the crucial light absorption

layer, constituting the pivotal component in PSCs.6 It
effectively harnesses solar radiation to generate excitons,
subsequently facilitating the generation of electrons and
holes. To explore the effect of ESD on the PSCs, we first
characterized the perovskite film at different ESD times (from
0 to 90 s) due to its crucial role in PSCs. As shown in Figure
3a, the pristine perovskite film without ESD (0 s) exhibited a
compact and homogeneous morphology. However, the surface
of perovskite films exhibited the presence of pinholes and
uneven shading subsequent to the ESD treatment, as shown in
Figure 3b−d. The presence of pinholes at grain boundaries is
evidently prominent and can be potentially attributed to the
heightened susceptibility of grain boundary defects to ESD
damage. Moreover, an increase in the ESD exposure time

correlates with a progressive augmentation in the incidence of
pinholes.
In order to better understand the effect of ESD on the

crystal structure, we conducted X-ray powder diffraction
(XRD) measurement for the perovskite films under various
ESD times, as shown in Figure 4a. For the pristine perovskite
films, the peaks at 13.92, 19.76, 24.26, and 28.08° were
assigned to the (100), (110), (111), and (200) crystal planes
of cubic phase (α-phase), respectively. Meanwhile, a diffraction
peak of hexagonal phase (δ-phase) appears at 26.5°. The XRD
peaks of perovskite films with ESD are observed to shift toward
a higher diffraction angle compared to the pristine film, as
depicted in Figure 4b−f. This phenomenon can be attributed
to the crystal lattice distortion induced by ionic migration.
Furthermore, after ESD treatment, a decreasing trend was
evident in all α-phase peaks, excluding δ-phase peaks. This
indicates that the crystal quality of the perovskite films was
reduced, and the transition from α-phase to δ-phase was
enhanced by the ESD treatment.
To simulate the operation of the devices under ESD

conditions, we tested PSCs within various ESD time intervals
ranging from 0 to 90 s. Each device was used only once to
eliminate any potential cross-effects. Figure 5a shows images of
solar cells under various ESD times. The color of packaging
materials deepens, and the damage of unpacked silver
electrodes intensifies with prolonged ESD time. The J−V
curves under AM1.5G illumination for both the solar cells and
the reference devices when exposed to different ESD durations
are depicted in Figure 5b. Figure 5c−f depicts mean values of
four sets consisting of ten devices each that were tested under
0, 30, 60, and 90 s ESD duration. The detailed data are
summarized in Table S5−S8. The data demonstrate that the
PCE, the Jsc, the FF, and the Voc of PSCs are reduced with the
ESD time accumulation. The Jsc, Voc, FF, and PCE exhibit
reductions of 33.3, 18.4, 18.5, and 55.4%, respectively, under
both the ESD duration conditions of 0 and 90 s.
To investigate the effects of the ESD conditions on PSCs, we

meticulously processed and analyzed the experimental data. As
shown in Figure 6a, by fitting the correlation between Voc and
ESD times, it was observed that the rate of decrease in Voc
exhibited an accelerated trend. Based on the fitting curve of Jsc
and ESD times, a linear decreasing trend was observed for Jsc
without any abrupt decline, as shown in Figure 6b. Initially
rapid, followed by gradual decline, characterized the relation-
ship between FF and ESD times, as shown in Figure 6c. Similar

Figure 3. SEM images of perovskite films (a) without ESD and with
ESD times of (b) 30, (c) 60, and (d) 90 s, respectively.
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to the Jsc-ESD time curves, the PCE−ESD time curves also
displayed a similar pattern due to the combined effects of
opposing trends of the FF-ESD time and the Voc-ESD time
curves, as shown in Figure 6d. Furthermore, the standard
deviation of the four parameters is calculated. It is found that
as the ESD time increases, the standard deviation of the device
parameters also increases, which indicates that ESD signifi-
cantly affects the stability of the device performance. These
findings highlight the enormous challenges posed by ESD in

Martian dust activity, forcing us to think carefully about the
future application of PSCs on Mars.

4. CONCLUSIONS
Our study evaluates the Martian suitability of Cs0.03FA0.97PbI3-
based PSCs with a structure of ITO/NiOx/2PACz/perovskite/
C60/BCP/Ag. We confirmed their impressive thermal stability
across Martian temperatures from 173 to 303 K. Through
experiments in a custom-built Martian chamber simulating

Figure 4. XRD characterization of perovskite films. (a) XRD patterns were recorded as a function of the ESD time ranging from 0 to 90 s for
perovskite film. The XRD peak position and intensity were shown as a function of the ESD time for the (b) (100) peak, (c) (110) peak, (d) (111)
peak, (e) δ peak, and (f) (200) peak.

Figure 5. Performance of solar cells for the ESD experiments. (a) Images of solar cells under various ESD times. (b) J−V curves under AM1.5G
illumination at 1 sun intensity. The statistics for (c) PCE, (d) Jsc, (e) FF, and (f) Voc were derived from the J−V curves of the solar cells tested
under various ESD times.
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ESD from dust activities, we discovered a dramatic 55.4% drop
in PCE after just 90 s of ESD exposure. This research
underscores the potential of PSCs in Mars exploration while
guiding future enhancements for solar cells under extreme
conditions.
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