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Abstract  

Designing new technology for extraterrestrial applications certainly presents unique challenges. The 

environmental stressors perovskites must overcome will vary with the environment in which they are 

deployed. One must consider mission requirements when designing photovoltaic devices and packaging. 

Different space “theaters” can have dramatically different stressors needing consideration for designing 

panels for solar power generation. In this article, we review the relevant space environmental conditions 

that must be considered when designing perovskite-based photovoltaic devices for implementation in 

space. We specifically consider thermal, radiation, gaseous, weather, and other phenomena most relevant 

to photovoltaic operation for specific theaters such as Low Earth Orbit, Geosynchronous Orbit, Lunar 

surface, Mars (orbit and surface), and interplanetary exploration pathways.  

 

Keywords: solar cell, durability, perovskite solar cell, photovoltaic, space, lunar, mars, deep space, low 

earth orbit, geosynchronous orbit, space environments, spacecraft charging 

 

Acronyms:  

AM0  air mass zero 

AM1.5G air mass 1.5 global 

AU  astronomical unit 

CME  coronal mass ejections 

CTE  coefficient of thermal expansion 

EQE  external quantum efficiency 

FF  fill factor 

GEO  geosynchronous equatorial orbit 

GCR  galactic cosmic rays 

LEO  low Earth orbit 

LILT  low intensity, low temperature 

LIHT  low intensity, high temperature 

MISSE  Materials International Space Station Experiment 

NOAA  National Oceanic and Atmospheric Administration 

PCE  power conversion efficiency 

PV  photovoltaic 

RTG  radioisotope thermoelectric generator 

SCR  solar cosmic rays 

SEP  solar energetic particles 

UV  ultraviolet 
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1. Introduction 

Perovskite-based photovoltaics show great promise for integration into space. Recent advancements 

demonstrate radiation tolerance and resilience to thermal and vacuum stress [1], [2], [3]. Initial long 

duration flight in low Earth orbit (LEO) verifies viability for this technology to perform in space [4]. 

Perovskite-based photovoltaics are a promising candidate to support extended human space presence, 

meeting the need for very large (>100 kW) and high-voltage-capable solar arrays. Perovskites can be 

designed with materials selection and barrier layers to overcome environmental stressors [5]. There is a 

breadth of work on strategies to improve the perovskite device performance [6], [7], [8], [9], [10], conduct 

reliable measurements [11], and achieve commercial deployment [12], [13], [14], largely with 

considerations for terrestrial applications. For the reader interested in recent advancements of perovskite 

photovoltaic device design, we recommend the following reviews [14], [15], [16], [17]. Other reviews have 

evaluated the prospects for perovskite-based photovoltaics in space and have discussed the technological 

challenges and potential advantages [18], [19], [20], [21]. Specifically, previous work has detailed 

perovskite photovoltaic light instability, thermal cycling stress response, and vacuum stress challenges, 

while highlighting device resilience to high energy radiation exposure, light weight, flexibility, and the 

potential for commercial scale up. These reviews largely focus on LEO and lunar applications or approach 

space as a homogenous environment. However, the environmental stressors perovskites must overcome 

will vary with the environment in which they are deployed. One must consider mission requirements when 

designing photovoltaic devices and packaging. Here, we assess low Earth orbit (LEO), geosynchronous 

orbit (GEO), lunar, Martian, and interplanetary space environments and discuss the space environmental 

conditions relevant to perovskite-based photovoltaics. These specific environments were selected for their 

current and emerging opportunities for perovskite photovoltaic (PV) operation.  

The implementation of photovoltaic arrays in LEO is rapidly increasing as proliferated LEO (pLEO) 

materializes and hundreds of thousands of satellites are deployed and linked to one another creating 

networks for global internet constellations and various applications [19]. LEO describes the region of space 

with an altitude at or below 2000 km (1242 mi) above the Earth’s surface; it is a popular destination for 

satellites and is home to the International Space Station (ISS). Objects in LEO are exposed to a myriad of 

hazards including vacuum pressures of 10-10 torr, ultraviolet (UV) radiation, thermal fluctuations, space 

radiation, and atomic oxygen [22].  

Geosynchronous Equatorial Orbit (GEO), also known as Geostationary Orbit, is an orbit sitting at about 

35,786 km (22,236 mi) above the equator. Objects in GEO have an orbital period equal to Earth's rotational 

period (23 hours and 56 minutes) or in synchronous patterns to Earth's rotational period. GEO is of interest 

for space based solar power beaming installations to convert incident solar power to electricity that is then 

beamed to earth at radio frequency to a rectenna. The requirement for very large (multiple km across) arrays 

with high performance and reliability at competitive costs makes worthwhile to consider if perovskites may 

contribute to this application. GEO is an environment with high levels of ionizing radiation and an 

extremely high vacuum level (around 10-14 torr) [22]. When exposed to a vacuum level this high, the main 

concern for PV devices is the release of absorbed substances in the form of gas from the material it is 

trapped in, also known as outgassing.  

The Moon and Mars are the primary focus for the National Aeronautics Space Administration’s (NASA) 

Artemis program. Developing a thorough understanding of the Moon has been a goal of NASA since the 

beginnings of the agency. The Artemis program aims to establish a human presence on the surface of the 
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Moon. Artemis missions will build upon the legacy of space photovoltaics by utilizing solar power for lunar 

missions. Perovskites are an attractive option for lunar surface power due to their low mass, potential 

flexibility, tunable bandgap, high efficiency, and low cost ($/W) [1], [23]. However, they must be able to 

survive the Moon’s extreme and variable environment. In addition to the design of perovskites for long 

duration operation on the Moon, there is also interest in manufacturing these devices on the lunar surface 

[23]. Like the Moon, the operation of solar cells on Mars presents unique challenges. For many Mars 

missions, the performance of the photovoltaic array is a driving operational constraint on the permissible 

latitude of the landing site, the amount of power available for science instruments, and how long scientific 

operations can operate each day [24]. In addition to government space programs, there is interest from 

private enterprise to enable colonization of both the Moon and Mars.  

We do not discuss Mercury and Venus in this review since currently the viability for perovskite solar cell 

deployment in these environments is low. Mercury has very high solar intensity yielding daytime 

temperatures (430 ⁰C) too extreme for perovskite-based photovoltaic operation. In addition to being our 

hottest planet, Venus is continually covered in sulfuric acid clouds which obscure the sun, resulting in low 

irradiance at the surface. The hostile Venusian environment is not suitable for current perovskite 

photovoltaic technology, and although previous research has been done on low-intensity high-temperature 

(LIHT) solar cells that could survive at Venus [25], [26], [27], this has not yet included perovskites. 

Solar power has successfully been used to power spacecraft on numerous NASA missions, although it has 

yet to be deployed at distances beyond Jupiter, approximately 5.5 astronomical units (AU). To-date, 

spacecraft missions beyond Jupiter have been powered by radioisotope thermoelectric generators (RTGs). 

The interplanetary space power environment is described as low intensity and low temperature (LILT). 

Irradiance decreases quadratically with distance from the Sun, requiring a larger solar array surface area for 

photovoltaic-powered exploration of deep space destinations. Interplanetary space missions present new 

opportunities for perovskite solar cells in LILT environments. Other environmental challenges in these 

regions include charged particles and atmospheric effects. Perovskites hold potential for performance in 

missions to outer planetary systems which necessitate high specific power and low-cost deployable systems. 

The development of perovskite-based photovoltaics for space applications affords new opportunities while 

presenting unique technical challenges. Perovskite-based photovoltaic devices being designed for any of 

the abovementioned environments must be optimized optically for the air-mass zero (AM0) solar spectrum 

to increase absorption and decrease reflection. Devices must be resilient to UV radiation, which has higher 

intensities at AM0 compared to the terrestrial air mass 1.5 global (AM 1.5G) solar spectrum. Perovskite-

based photovoltaics are well suited to this task since their microstructures can be manipulated at the 

nanoscale to improve optoelectronic characteristics, stability, and overall performance. Perovskite adopts 

an ABX3 crystal structure, where the A-site is generally filled with either an organic molecule like 

methylammonium (CH3NH3+ or  MA), formamidine (NH2CHNH2+ or FA), or a Cs inorganic cation. The B-

site is typically a metal cation like Pb2+, Sn2+, or another divalent metal cation. The X represents a halide 

ion like Cl-, Br-, or I-. By adjusting chemical composition, perovskites can be tuned to span bandgaps 

ranging from 1.1 eV (MASnI3) to 3.1 eV (MAPBCl3). By varying the cation ratio (e.g. replacing some or 

all of the MA with FA) and adjusting the mixed metal and/or halide compounds (e.g. MAPbIxBr3-x), one 

can achieve bandgaps in-between [28], [29], [30], [31], [32]. The microstructure of perovskite which 

includes crystal orientation, morphology, and grain size, are major factors in light harvesting capability, 

decreased recombination losses, and enhanced charge [33], [34]. Perovskite devices can be designed to 

achieve high power conversion efficiency, increased operational stability, and resilience against 
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environmental stressors encountered in space. Further, the low mass of perovskite PV is ideal for integration 

in space where high specific power (>30 Watt/kg) is a necessity [35].  There is also a desire to realize very 

large (>100 kW) and high-voltage-capable (300-600 V) solar array systems. Presently, a suitable long 

duration high voltage power supply system does not exist. The following sections of this paper provide a 

thorough review of the environmental factors that will impact perovskite-based photovoltaic performance 

and durability. The subsections report the relevant conditions (thermal, radiation, vacuum, atomic oxygen, 

and other natural phenomena) for each respective location (LEO, GEO, lunar, Mars and interplanetary) as 

it pertains to the environmental conditions that are most relevant to photovoltaic operation.  

 

2. Solar Irradiance and the Thermal Environment 

Perovskite-based photovoltaics are sensitive to thermal cycling and operating at extreme temperatures 

which are largely induced by the intensity of incident sunlight and waste heat of the energy conversion 

process. Thermal cycling often induces microcracking of substrates or coatings and/or delamination of 

coatings. Microcracking can serve as a pathway for atomic oxygen ingress and bombardment of underlying 

material. Thermal cycling also poses a threat to materials with shared interface but substantially different 

coefficient of thermal expansion. This can lead to coating delamination from substrate or stresses in the 

coating(s), either of which can greatly diminish or terminate the performance of a solar cell. These 

phenomena have been observed in the first long-duration LEO flights of perovskite active layer on the 

Materials International Space Station Experiment (MISSE) platform [4]. 

It is a general rule that photovoltaic output decreases as temperature increases. This is largely due to the 

temperature dependence of the bandgap (Eg) of traditional semiconductors shown in the Varshni relation 

Equation 1 [36]. Here, Eg(T) is the bandgap of the semiconductor at temperature T, Eg(0) is the bandgap 

at 0 K, and α and β are material dependent constants. The decrease in the bandgap with increasing 

temperature results in a slight increase in short-circuit current and an impactful decrease in the open-circuit 

voltage. This behavior is opposite in perovskites, and is well understood [37], [38], and relates to the band 

inversion symmetry (s-like valence and double degenerate p-like conduction bands) in perovskite materials 

[39]. In general, the energy gap increases with increasing perovskite operating temperature [37].  

 

 

The ultimate performance of a solar cell is determined by PV parameters including open-circuit voltage 

(VOC), short-circuit current (JSC), fill factor (FF), and power conversion efficiency (PCE), all of which are 

temperature dependent. Generally, the JSC increases with increasing temperature, and the associated VOC 

decrease is from the defect concentration which can be attributed to the high recombination rate with 

increasing temperature. The low FF at low temperatures is due to increased charge carrier diffusion 

resistance [37]. An increase in temperature over the room temperature generally decreases the perovskite 

solar cell efficiency. At low temperature (T < 120 K), the charge transport layer limits the device 

performance, while at high temperature (T > 200 K), the interfacial charge recombination becomes the 

dominant factor [40]. In Figure 1 we summarize the temperature extremes and solar irradiances of relevant 

regions and planetary bodies within our solar system, adapted from reference [41]. Perovskite-based 

photovoltaics can suffer from thermal instability when exposed to the Sun; the cell temperature can be up 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

(𝑇 + 𝛽)
 Equation 1 
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to 45℃ higher than ambient environmental temperature in terrestrial operation [42]. The target temperature 

for operation of perovskite-based solar cells in lunar and LEO applications is 75℃ [5], [43]. A perovskite 

solar cell retained 92% of its power conversion efficiency after stress testing at 85℃ and 85% relative 

humidity according to international standard (IEC 61215) for just 1000 hours [44]. The elevated 

temperatures can cause the decomposition of perovskite into PbI2 and the device performance rapidly 

degrades at operating temperatures greater than 150℃ [45]. At finite temperatures, organic-inorganic Pb 

halide perovskites may exhibit three perovskite phases: the cubic (α), tetragonal (β), and orthorhombic (γ) 

phases [39]. The bandgap increases from the cubic phase (ideal perovskite) to the tetragonal and 

orthorhombic phases (distorted perovskites) for Pb halide perovskites [39], [46], [47], [48]. At temperatures 

greater than 100℃, an intermediate phase of the perovskite absorber between the tetragonal and cubic phase 

begins to emerge and the device loses performance [49], [50]. We should note, a perovskite active layer 

flown on MISSE for 10 months showed significantly suppressed transition temperature from tetragonal to 

orthorhombic by nearly 65 K when compared to ground-based control, subsequently broadening the 

photovoltaic operational range [4]. Residual strain in the film caused by rapid thermal cycling (4800 cycles 

in 10 months) has been identified as the most significant factor in altering the transition temperature 

allowing the tetragonal phase to stabilize thermodynamically. The thermal stability of perovskite absorber 

materials has been improved by engineering the perovskite composition. Recent development of perovskite 

solar cell for operation in space revealed that engineering of the contact layer and barrier layers has 

significant impact on the device performance when exposed to heat (75℃) and vacuum stress. Researchers 

successfully demonstrated a perovskite-based photovoltaic device stable under thermal-vacuum stress for 

more than 3500 hours [3]. Despite these known sensitives to elevated temperatures, a proper heat treatment 

time can passivate defects, resulting in a 15% relative improvement of average efficiency for perovskite-

based photovoltaics [45]. At low temperatures, perovskite-based photovoltaics operate well. However, a 

noticeable reduction of the external quantum efficiency (EQE) is evident below 600 nm in the solar 

spectrum [38]. 

 

Figure 1. Ambient temperature range (⁰C) and corresponding solar irradiance (W/m2) for planetary 

bodies and orbits of interest in our solar system. 

 

2.1. Low Earth Orbit (LEO) 
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LEO has three primary sources of radiant thermal energy: incoming solar radiation, earth reflected solar 

energy (albedo) and outgoing longwave radiation emitted by the Earth and its atmosphere [51]. Albedo, the 

solar energy reflected from the planet and its atmosphere is highly variable across the globe and is 

dependent on both the distribution of reflective properties of the surface and the amount and type of cloud 

cover. Reflectivity increases with increased cloud cover [51]. 

While in LEO, a spacecraft orbits Earth approximately every 90 minutes, or 6000 times a year. Each orbit 

consists of a heating phase in the sunlight followed by a cooling period in Earth’s shadow. Solar panels in 

LEO can reach 100℃ while heated by the Sun’s radiation and -80℃ during eclipse as the panel radiates to 

cold space. The thermal cycles create a considerable temperature fluctuation that induces thermal stresses 

on the system components. The amplitude of the temperature cycle depends on the material properties such 

as emittance, absorptance, thermal conductivity, and specific heat [52]. UV radiation reaching an intensity 

of 118 W/m2 is seen with ranging from 2220-5800 equivalent Sun hours per year (ESH/yr) [22]. The 

absence of a UV absorber, like ozone, in LEO means extreme levels of UV radiation are reaching the 

photovoltaics and increasing the device temperature. When selecting perovskite-based photovoltaics for 

missions in LEO, one should seek materials with a similar coefficient of thermal expansion (CTE). This, 

coupled with careful selection of a backside material and a maximal electrical power conversion efficiency, 

can aid in managing the operating temperature of the perovskite. A triple-cation perovskite active layer, 

however, is predicted to endure more than 460 years of thermal cycling in LEO before it undergoes thermal 

induced mechanical failure [5], suggesting that research focus should target other constituent layers (e.g. 

transport layers, electrodes) to extend device lifetime. This computation modeled the cell as a plate with 

spatially uniform temperature assuming constant properties for specific heat and density, and negligible 

incident radiation on the sides. The ambient temperature and light illumination were simulated, and the 

transient heat equation was solved for a perovskite-based photovoltaic in LEO. The expected number of 

thermal cycles to mechanical failure for materials in a perovskite-based photovoltaic are shown in Table 1. 

Generally, perovskite-based photovoltaics have similar material properties (density, specific heat, bandgap) 

therefore these results can provide insight to most device architectures. 

Table 1. Number of thermal cycles to mechanical failure for each of the components of the solar cell stack. 

Adapted from ref [5]. Inset image of the modeled photovoltaic device layers.  

 Material Cycles to failure Years to failure in LEO 

Zirconia 45,628 8.07 

Glass 4.468 × 1012 7.898 × 108 

Triple Cation 2.604 × 106 460.4 

SiOx 2.234 × 1011 3.949 × 107 

 

2.2. Geosynchronous Equatorial Orbit (GEO) 

With little ozone absorbing the spectral irradiance from the Sun, solar irradiance in GEO is roughly 1366 

W/m2 at 1 AU. Solar duration is constant until the autumn and spring equinox, where spacecrafts are 

shadowed by the Earth for 70 minutes a day over 2 periods of 45 days [22]. At altitudes above 20 km from 

the Earth’s surface, albedo and IR become less of an environmental load on space systems and solar 

irradiation becomes the most significant load. The UV spectrum contains ~99% of the total energy of all 

electromagnetic radiation coming from the Sun. The intensity of UV radiation increases at higher levels of 

vacuum. In GEO, an intensity of 118 W/m2 is seen with about 8760 equivalent Sun hours per year (ESH/yr) 
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[22]. Temperature conditions are similar to LEO, except colder temperatures are experienced when the 

spacecraft enters the Earth's shadow. This period, known as eclipse season, occurs twice a year (around the 

spring and autumn equinox) over a period of 45 days, for 70 minutes each day. Therefore, temperature 

cycling in GEO conditions is -196℃ to 128℃, 90 cycles/year [22]. 

2.3. Lunar 

The temperature on the Moon varies with location and the lunar day-night cycle [53]. At the equator, the 

lunar day-night cycle is approximately 29.5 Earth days, consisting of 14.75 days of constant sunlight 

followed by 14.75 days of darkness due to the Moon’s synchronous rotation with Earth. Additionally, the 

illumination profile varies greatly with the latitude and local topography of the Moon [54]. Under 

illumination, the surface can reach up to ~397 K (123.85°C) at the equator and ~200 K (-73.15°C) at the 

poles, which drops to roughly 95K (-178.15°C) and 50K (-223.15°C) respectively during the lunar night. 

Permanently shadowed regions can reach temperatures as low as 33 K (-240°C). Solar cells and all array 

materials must be robust enough to withstand these temperature extremes and cycling throughout the 28 

day-night cycle.  

Thermal analysis of photovoltaics operating on the lunar surface determined the temperature range of 

interest is -25 to 75°C, assuming thermal management will prevent the cells from reaching the temperature 

extremes of the lunar surface environment. This analysis assumed that the photovoltaic array was thermally 

isolated from its lander and Sun-pointing throughout the transit. A high-pressure fiberglass laminate, G10, 

was used for thermal isolation [43]. Recent studies into the design of a perovskite-based photovoltaic for 

lunar applications focused on the combination of contact and barrier layers to maximize device stability 

under thermal vacuum stress. VanSant et al. revealed that indium tin oxide (ITO) and Au contacted cells 

with barrier layers consisting of SiOx and both SiOx and a space-qualified silicone encapsulant (DC 93-500) 

and cover glass assembly retained more than 90% of their performance after 3600 hours of vacuum-thermal 

stress. When the devices were exposed to a combination of light, heat, and high vacuum, the ITO-contacted 

cells demonstrated superior stability and are thus the recommended contacting scheme for a perovskite-

based photovoltaic for lunar applications [3]. 

2.4. Mars 

The operating temperature of a solar cell will impact cell efficiency, and performance. When considering 

what will impact the cell temperature on a planetary surface both radiation losses and wind convection must 

be considered. An expression that depends upon the ambient temperature (Ta), solar irradiance (ϕs), and 

wind speed (u) is introduced in reference [55] and shown in Equation 2. This analysis assumed the Mars 

atmosphere was 100% CO2, with density (ρ = 0.01308 kg/m3), kinematic viscosity (ν = 0.0010868 m2/s), 

dust opacity index (γ = 0.3), and forced convection under Mars conditions. The average surface temperature 

on Mars is -65℃. Due to its thin atmosphere, Mars loses heat rapidly. The ambient temperature can range 

from 20℃ to -153℃ [56]. Temperature sensors on Opportunity reported an average high of 13.8°C and 

average low of -100°C [57].  Equation 2 is expected to hold for the case of perovskite photovoltaics. 

Perovskite-based photovoltaic cells for Mars should be designed to endure temperatures spanning from  

-100℃ to 20℃ for operation near the equator. This is considered low temperature operation for 

photovoltaics. The lower temperature, coupled with the redder spectrum, tend to better suit lower bandgap 

solar cell technologies [24].  

𝑇𝑐 = 1.00116 ∙ 𝑇𝑎 + 0.0313174 ∙ 𝜙𝑠 − 0.108832 ∙ 𝑢 Equation 2 
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2.5. Interplanetary Space 

In the LILT environment, lower irradiance leads to a reduction in solar cell efficiency. Lowering the 

operating temperature can improve cell efficiency, but extremely low temperatures can lead to cell 

degradation. Jupiter is 5.1 AU away from the Sun, resulting in a solar irradiance that is only 3.7% of AM0 

[58]. The expected operating temperature of a solar cell at Jupiter is expected to be within -125 and -140℃  

[59]. Saturn (9.5 AU) has an irradiance of 1.1% AM0 with an expected solar cell operating temperature of 

-165℃ [58], [59]. Saturn mission concept designs often include a gravity assist maneuver that would 

involve a near-Venus trajectory [60], meaning that even though the solar cells will already need to be able 

to operate in extreme LILT conditions, they may also need to withstand solar array temperatures up to 

150ºC near Venus [61]. The performance of solar cells in Saturn-relevant conditions has been studied using 

ground-based LILT testing and compared to solar cells used on the Juno mission, which was launched in 

2011 to investigate Jupiter. When Juno was inserted into Jupiter’s orbit in 2016, its solar arrays briefly 

experienced temperature and high-angle irradiance conditions that emulated a Saturn-like environment. 

This provided an opportunity to compare ground-based solar cell test results under LILT conditions to in-

flight performance, independently validating ground test data [59]. 

Triple-cation perovskite device performance has been investigated under conditions consistent with those 

found in Jupiter and Saturn orbits [62]. The current-voltage response of devices under conditions consistent 

with LILT show no significant degradations, with VOC and JSC reductions commensurate with the reduced 

intensity without additional thermally mediated parasitic losses or other nonradiative processes. In LILT 

conditions, the current-voltage response is hysteresis-free, which is consistent with the “freezing-out” of 

ionic motion [63]. The observed electrical performance confirms the potential for stable performance of 

these systems in LILT. Variable temperature external quantum efficiency (EQE, 80 to 300K) and variable 

temperature photoluminescence (PL, 4 to 280 K) are anticorrelated, meaning that with decreasing 

temperature, EQE decreases while PL intensity increases. It is believed that a combination of the ionization 

of the exciton binding energy (at higher temperatures) in the perovskite and an unintentional barrier for 

minority electron extraction becomes more prevalent at low temperature and higher intensity, yielding the 

observed optoelectronic performance. It is notable that the absorber maintained its cubic structure between 

4.2 and 300 K. There were no observed low-temperature phase inclusions, alloy fluctuations, nor any 

indication of structural phase change. These findings suggest that a formamidinium, methylammonium, and 

cesium containing perovskite system offers a stable system in interplanetary space. 

At Uranus (19.2 AU, 0.28% AM0 irradiance) and Neptune (30 AU, 0.1% AM0 irradiance), operating 

temperatures are expected to be -224℃ and -245℃ respectively [58], [64]. The extreme LILT environment 

of these so-called “Ice Giants” would require significant solar cell and array technology improvements 

beyond the current state of practice before photovoltaics could be considered a viable power source [58]. 

Perovskite photovoltaics operating under these conditions have yet to be reported in the literature. 

2.6. Summary 

In this section we summarize the solar irradiance and thermal environments of various locations where 

perovskite-based photovoltaic devices may be deployed in space. The most challenging thermal 
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environments will likely be orbital theatres with rapid thermal cycling. Ideally, coefficients of thermal 

expansion between layers should be minimized in photovoltaic device design.  Further study into depositing 

and/or annealing perovskite absorber layers at temperatures closer to their operational range is one pathway 

to reduce residual stress in the material during the mission. Additional ground-based testing should be 

conducted to explore the impact of extended low-temperature operation of perovskite-based photovoltaics 

under illumination, simulating lunar, Mars, and LILT mission profiles.  

3. Ionizing Radiation and Plasma 

Radiation in space consists of a wide spectrum of particles that lose energy when transmitting through 

matter. The radiation can be ionizing (high energy) or non-ionizing (low energy). Ionizing radiation causes 

inelastic ionizing energy loss (IEL), which results in localized heating due to scattering with the surrounding 

electron cloud. Non-ionizing radiation results in non-ionizing energy loss (NIEL), which displaces atoms 

and creates vacancies within the lattice structure. Radiation in space is generated by particles emitted from 

a variety of sources both within and beyond our solar system. The three major sources of charged-particle 

radiation in free space are galactic cosmic rays (GCR), trapped radiation belts, and solar energetic particle 

events [65]. Examples of ionizing radiation include alpha particles, beta particles, gamma rays, x-rays, and 

GCR. GCR originate from beyond our solar system (up to 100 AU from the Sun) and contain particles of 

all charges from protons to uranium nuclei with energies from MeV to 1015 MeV/nucleon. The particle flux 

of GCR is observed to vary by about 15% across the solar cycle [66]. GCR is lowest during solar maximum 

and highest during solar minimum. At solar maximum, the Sun’s magnetic field is stronger, and it deflects 

more GCR particles, reducing the GCR flux at Earth [67]. Solar flares release many electrons, protons, x-

rays, and gamma rays with kinetic energies ranging from keV to GeV [68]. Trapped radiation belts contain 

mostly protons and electrons; deuterons and tritons contribute less than 1% of the total proton flux. The 

properties of the resulting defects play critical roles in the resulting device performance. Point defects with 

energy levels deep in the bandgap act as Shockley-Read-Hall nonradiative recombination centers, which 

are primarily responsible for short minority carrier lifetime and thus a low VOC [39]. 

Existing American Institute of Aeronautics and Astronautics (AIAA) S-111 standards mandate that solar 

cells withstand 1e13 fluence at 3 MeV protons per square cm (p+/cm2) and 1e16 fluence at 1 MeV electrons 

per square cm (e-/cm2) [69]. These standards have been determined for conventional (III-V and Silicon) 

solar cells, but radiation-matter interactions in perovskite-based photovoltaics are different from 

conventional photovoltaics. As such, the AIAA S-111 standards are being revisited as the community 

conducts investigations to determine equivalent fluences to achieve similar damage [1], [2], [70], [71], [72], 

[73], [74]. To date, experiments have been conducted to determine the tolerance of perovskite solar cells 

under electron [70], [75], proton [2], [70], [71], [72], [73], [74], [76], [77], [78], [79], [80], neutron [81], 

and γ-ray irradiations [82], [83], [84]. It should be noted that to appropriately evaluate device performance 

quartz substrates should be employed instead of soda-lime glass, because soda-lime glass becomes 

darkened by radiation. This substrate degradation may otherwise impact the evaluation of radiation 

tolerance of the devices, falsely yielding reduced JSC. 

Low-energy protons (0.05-0.15 MeV) create a representative uniform damage profile, whereas higher 

energy protons necessitate much higher fluence to achieve the equivalent displacement damage dose due 

to a lower scattering probability [1].  Further, it has been observed that high-energy protons (1.0 MeV) 

effectively anneal radiation damage caused by lower-energy protons (0.6 MeV) and recover device 

efficiency. This is due to the phonon vibrations (caused by the IEL) that drive the displaced atoms back to 
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lattice positions, suppressing the non-radiative recombination and increasing device PCE [2]. Simulated 

annual proton fluences for key orbits of interest are shown in Figure 2A.  

 

Electrons are among the most common high energy particles in space. Annual electron fluences for key 

orbits of interest are shown in Figure 2B. The defects created by electron radiation become minority-carrier 

recombination centers or majority carrier trap centers. AIAA S-111 standards for electron radiation 

necessitate that cells withstand 1e16 fluence at 1 MeV electrons per square cm (e-/cm2) [69]. It is noted that 

the electron radiation shall be conducted at room temperature with beam currents sufficiently low to prevent 

significant sample heating. Like proton radiation standards, these standards have been determined for 

conventional (III-V and Silicon) solar cells and should be reconsidered for their equivalent damage dosages 

for perovskite-based photovoltaics. Miyazawa et al. irradiated cells with 1 MeV e- at fluences up to 1e16 e-

/cm2 and reported no deterioration in short-circuit current, open-circuit voltage, or external quantum 

efficiency [70]. Perovskite absorber layers under 10-5 torr vacuum were irradiated by 1 MeV electrons from 

1e12 to 1e16 e-/cm2 with no significant changes in morphology or perovskite crystal phase observed. Device 

exposure to 1e16 e-/cm2 fluence did yield a 10% degradation in power conversion efficiency; Monte Carlo 

simulation confirmed that the electrons passed through the perovskite but were stopped in the substrate 

[75]. Perovskite-based photovoltaics continue to show resilience to electrons as both methylammonium and 

formamidinium-based lead iodide perovskite solar cells maintained averages > 95%  of their initial value 

when irradiated by 1e16 e-/cm2 at 1 MeV [70].  

Solar cells are also susceptible to the impacts of spacecraft charging. Impinging electrons cause spacecraft 

components, including solar cells, to build up an electric charge. Primary arcs occur within a solar cell as 

the potential difference between the coverglass and the rest of the solar cell components causes a rapid 

electrostatic discharge into the local environment. Under the right conditions, this can create a highly 

A

 

B

 
Figure 2. Simulated annual fluences from the Space Environment Information System (SPENVIS) as a 

function of A) proton energy and B) electron energy for lower-LEO (ISS 420 km) (black), upper-LEO 

(2000 km) (green), 5,000 km (blue), GEO (red), and Jupiter (Juno) orbits (yellow); adapted from ref [1]   

 

Note: A and B show integral fluences; visit https://spenvis.oma.be/ for differential spectra. 
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energized local plasma field that couples cells on neighboring strings and causes a secondary arc [85], [86]. 

Secondary arcs are fed by the photogenerated current and will not dissipate on their own. These high-heat 

events pyrolyze cell components, often fatally destroying cells, and can then deposit contaminants on 

neighboring cells, resulting in a potentially widespread damage area. Arcing is very dependent on the 

materials, architecture, and power levels of an array, so care must be taken in the design process [85], [87]. 

Many resources exist for the design of arrays to minimize arcing [88], [89] and testing of arrays to 

understand arcing behavior of a given array design [90], [91]. For arrays of perovskite solar cells, both 

types of arcing are a concern. For multijunction and silicon solar cells, primary arcs are not considered to 

be an issue, but for thin film solar cells like perovskites, the heat generated during an arcing event may 

induce thermal stress in the cell and cause significant damage due to the lack of mass to dissipate the heat.  

3.1. Low Earth Orbit (LEO) 

Radiation in LEO consists of a both non-ionizing and ionizing radiation that lose energy when transmitting 

through matter and induce NIEL and IEL losses, respectively. The environment is dominated by a dense 

low-energy plasma. The LEO plasma environment and its interactions with spacecraft have been 

extensively studied via ground research [92], [93] and using spacecraft like the ISS [94], [95], [96].  

Arrays must be designed to withstand the spacecraft charging and arcing environment found in LEO. 

Mitigation techniques have been identified and widely accepted in the community as design rules to prevent 

arcing of the resulting photovoltaic array. It is recommended to use string voltages less than 55 V where 

possible. We have not observed trigger arcs on LEO arrays below this threshold, even under simulated 

micrometeoroid bombardment [10]. If an array string exceeds 75 V, trigger arcs can be prevented by 

encapsulating the cell, so they do not interact with ambient plasma. Encapsulation may prevent arcing up 

to 1000 V string voltage. In instances when encapsulation is not possible, a bakeout of the array on-orbit 

for 1 week at 100℃ or more can eliminate contaminants and prevent the initiation of trigger arcs up to 300 

V [10], [11]. The above ideas are best practices to prevent arcing in arrays deployed in LEO. However, 

each new solar array implementation should be ground-tested in a simulated LEO plasma before one can 

be certain it will not arc. The bias voltage tested should include the maximum when arrays come out of 

eclipse. Similarly, the sample temperature should be as low as the eclipse-egress temperature. The inter-

string voltage that is tested should be at least equivalent to that expected anywhere on the array on-orbit. If 

trigger arcs are prevented, sustained arcs cannot occur. 

When considering radiation impacts of perovskite solar cells, it is helpful to consider mission-specific 

variables that will alter the radiation environment. The altitude of the spacecraft above the earth; at higher 

altitudes the Earth’s magnetic field is weaker resulting in less protection against ionizing particles. At higher 

altitudes, spacecraft pass through the trapped radiation belts more often. Towards the end of the 11-year 

cycle, during solar maximum, the number and intensity of solar flares significantly increases. Mission-

specific design modifications like encapsulation, coverglass thickness, light intensity, and device 

temperature can be made to increase the viability and performance of perovskite photovoltaics in LEO 

radiation environments. 

3.2. Geosynchronous Equatorial Orbit (GEO) 

The Earth's trapped radiation belts are formed by energetic electrons and protons trapped in the Earth's 

quasi-dipolar magnetic field. GEO orbit is within the outer radiation belt. The radiation environment, when 

compared to LEO, consists of more energetic electrons and protons at a lower density. It mainly consists of 
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energetic electrons (1-10 MeV) outside the magnetosphere being pushed into the outer radiation belt by 

solar winds, protons from solar proton events, and GCR.  

GEO is largely occupied by weather monitoring satellites, specifically GOES (Geostationary Operation 

Environmental Satellites), that monitor Earth's weather and space environments. Data from these satellites 

are used to create various radiation belt models (AE-9/AP-9) in combination with the European Space 

Agency’s SPENVIS (SPace ENVironment Information System). These models allow for the estimation and 

prediction of the radiation environment for any specified mission profile. For example, a geostationary orbit 

single segment mission with a 15-year mission duration generates radiation models for trapped proton and 

electron fluxes, solar proton fluence spectra, heavy ion fluence spectra, and GCR fluxes [97]. Figure 3 

shows an example plot of the trapped electron spectra for the 15-year mission profile. 

 
Figure 3. Trapped electron spectra created in SPENVIS for a 15-year geostationary orbit mission at 

AE-8 MAX orbit averaged flux. 

 

The plasma environment in GEO correlates to the radiation environment, which is low in density but high 

in energy. High energy electrons are hitting spacecraft surfaces at thousands of electron volts, causing the 

spacecraft itself to charge to potentials of thousands of volts. This builds up a differential voltage between 

the cell and cover glass, enabling primary and thus secondary arcs [85], [98].  

Environmental testing at relevant fluences and energy levels is recommended to determine the 

performance of perovskite-based photovoltaics in the GEO radiation environment. It will also be critical 

to investigate the arcing and charging of perovskite-based photovoltaics. 

3.3. Lunar 

The Moon is exposed to solar wind, a plasma consisting of electrons and ions originating from the Sun. 

This plasma causes charging of regolith, the loose layer of rock and dust covering the lunar surface. The 

regolith is also excited by incoming UV radiation from sunlight, causing photoemission of electrons [99], 

[100]. During the lunar day, the surface is positively charged as photoemission dominates. During the lunar 

night, the surface is negatively charged due to incident electrons [99], [101].  
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Charging can also have negative impacts on perovskite-based solar arrays through the induction of primary 

and secondary arcs. The worst-case scenario for spacecraft charging on the lunar surface is similar to GEO 

as the Moon passes through Earth’s geotail; the radiation environment is low in density but consists of very 

high energy particles [85], [101]. Arcing under GEO is electron-driven and will be highly damaging without 

proper protection mechanisms [85]. In addition to charging, solar cells will also be exposed to radiation 

through solar wind (large flux, low energy), galactic cosmic rays (small flux, high energy), and solar cosmic 

rays (high flux, high energy, result of solar flares) [101]. Particle energies tend to be around 1 eV-5 keV 

for solar wind [100], 0.1-several GeV for GCR [102], [103], and 1-100 MeV for solar cosmic rays (SCR) 

[102]. The proton fluxes of each are 3e8 protons/cm2∙s for solar wind, 2-4 protons/cm2∙s for GCR, and 0-

106 protons/cm2∙s for SCR [101]. On Earth, the magnetosphere and atmosphere protect the surface from 

these harmful particles through scattering and absorption; however, the Moon has no magnetosphere and 

extremely little atmosphere [104]. Radiation reaching the Moon primarily consists high energy protons and 

electrons with some helium and heavy nuclei [101]. Additionally, interactions with the lunar regolith result 

in the generation of secondary neutrons and gamma rays. Radiation energy is highly dependent on location 

and the lunar cycle; depending on orbital position and rotation, the Moon will either be primarily exposed 

to GCR or solar wind [100], [101], [103].  

3.4. Mars 

With no global magnetic field to deflect energetic charged particles, and little atmosphere (<1% that of 

Earth) to provide shielding, Mars’ surface is exposed to radiation. At the surface, the atmosphere provides 

the equivalent of roughly 20 g/cm2 of shielding from radiation, and thus radiation is not a significant source 

of degradation for photovoltaics [24]. The thin atmosphere is not sufficient to stop a large fraction of GCR 

[105]. GCR are somewhat reduced in passing through the atmosphere but interactions between incoming 

ions and the atmosphere result in pion production that contributes to exposure on the surface [106]. GCR 

ions and the Martian soil have nuclear collisions which create an ambient field of neutrons which also 

contribute to the radiation exposure on the surface. Solar particle events (SPE) are greatly attenuated as 

they pass through the atmosphere, reduced by an order of magnitude [106]. Mission specific tests of 

perovskite-based photovoltaics should be completed per specific cell chemistry and array architecture to 

determine device performance and durability for operation on Mars. 

3.5. Interplanetary Space 

All the outer planets (Jupiter, Saturn, Uranus, Neptune) have a region of space known as the magnetosphere 

that is strongly influenced by the planet’s magnetic field. Charged particles are trapped and accelerated to 

high energies within the planet’s magnetosphere, creating complex radiation dynamics that can damage 

solar arrays. Jupiter’s magnetosphere, the most powerful in the solar system, is particularly vast, covering 

an area ranging from 3.2 million kilometers towards the Sun and 965.6 million kilometers away from the 

Sun, extending out to Saturn’s orbit [107]. It has a magnetic surface field magnitude approximately 20 times 

stronger and a dipole moment ~20,000 times that of Earth [108]. Volcanic eruptions on Jupiter’s moon Io 

eject large amounts of sulfur dioxide gas into Jupiter’s magnetosphere, forming a torus of plasma that 

rotates with the planet. This sulfur dioxide is dissociated into atoms and ionized by electron impacts, 

resulting in sulfur and oxygen ions of varying charge states [109]. These particles interact with the particles 

associated with Jupiter’s faint planetary ring system and may be influenced by high-energy protons from 

the solar wind, although the extent of the solar wind’s effect on the Jovian magnetosphere is not well 

understood [109], [110]. Estimates of end-of-mission radiation doses vary depending on the orbit; estimates 

Jo
urn

al 
Pre-

pro
of



of recent missions are summarized in Table 2. Contours for electron and proton fluxes for the outer planets 

can be found in reference [111]. 

The radiation environment at Saturn is significantly less aggressive than that of Jupiter. Saturn also has a 

magnetosphere, but the extensive particle rings around Saturn tend to deplete the radiation in proximity to 

regions where calculations predict peak radiation would occur [60]. Based on the assessment of cell 

efficiencies under Saturn-relevant LILT conditions and the 1.1% AM0 irradiance, a solar-powered Saturn 

mission would require an array with approximately 10 m2 active area, or 40 kW of maximum operational 

capability at 1 AU [59]. 

Table 2: Estimates of end-of-mission interplanetary radiation doses.  

 Jupiter Europa Saturn Uranus Neptune 

Radiation 

Conditions 

Poles: 7e14, 1MeV e-/cm2 

Equator: 4e15, 1MeV e-/cm2 

5e15 

1 MeV e-/cm2 

2e14  

1 MeV e-/cm2 

p+, e-, H2+ p+, e- 

 

According to NASA’s 2017 “Solar Power Technologies for Future Planetary Science Missions”, the solar 

power system requirements for outer planetary missions will require solar cells with >38% efficiency under 

LILT conditions and radiation tolerance up to 6e15, 1 MeV e-/cm2, particularly for operation in the Jovian 

environment. The solar array requirements will need to achieve at least 20kW at 1 AU with a lifetime of 

>15 years, with mass and volume targets that are three times lower than the current SOP of existing solar 

technologies [58]. The low mass of perovskite-based photovoltaics and their promising performance in 

LILT conditions suggest they may be suitable to reach the solar array requirements. 

3.6. Summary 

In this section, we summarize the space radiation environment found in the areas of interest for perovskite-

based solar power. The risk radiation presents to solar cells is twofold: firstly, particles can induce damage 

in the cells through IEL (localized heating) and NIEL (displacing atoms in lattice and creating defects). 

Secondly, charged particles will cause solar cell components to charge and discharge in ESD events known 

as arcing. These arcs can pyrolyze metal contacts and severely damage the perovskite layer. Representative 

ground testing is strongly recommended to understand the impacts of environment-specific radiation dosage 

on solar cells (reference AIAA S111/S112) and arcing rate of a given solar array architecture (reference 

standard ISO 11221). Though perovskites have shown some resilience to the radiation environment and 

self-healing capabilities, these tests should be completed per specific cell chemistry and array architecture.  

4. Vacuum 

The primary concern for perovskite solar cells under vacuum is the outgassing of solar cell materials. The 

main consequences of outgassing are the contamination of surfaces, loss of dimensional stability, and 

detrimental effects on the material properties [112]. All known surface pressures (weight of the atmosphere 

per unit area) of planetary bodies within our solar system are reported, in atmospheres, in Table 3. LEO 

vacuum is typically 10-9 to 10-11 torr. Perovskite active layers are structurally soft materials. Many organic 

materials in a vacuum environment will evaporate and molecules adsorbed onto the surface will desorb. 

Compounds within the material can also diffuse to the material surface and desorb. Organic gas components 

were released from CH3NH3PbI3 (MAPbI3) powder [113] and CH(NH2)2PbI3 (FAPbI3) powder [114] at 10-

7 torr. This decomposition occurred both under light and dark conditions and among the liberated species 
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were I2, HI, NH3, CH3I, and CH3NH2 from MAPBI3, and HI, HCN, and NH3 from FAPbI3. Illumination 

accelerates outgassing rates. Liberated organic gasses can contaminate line-of-sight surfaces, altering the 

optical properties of the vehicle and payload surfaces which can be detrimental to spacecraft performance 

[115]. Encapsulation of a device has been shown to slow outgassing [70] and use of a space qualified 

encapsulant has been shown to hold liberated compounds in proximity to the film to facilitate downstream 

healing [4]. Extended exposure to and operation in vacuum pressures has known impacts on perovskite 

solar cell material composition and electrical performance, impacting the overall lifetime of these cells in 

the space environment [14], [116], [117]. Exposure to vacuum decreases the operational lifetime of 

perovskite-based photovoltaics via outgassing and defect formation. Vacuum exposure also accelerates 

decomposition, phase segregation, and transitions at the grain boundaries. The grain boundary defects 

further accelerate ion migration across the device, another deleterious effect [116].  Ultimately, the stability 

of a perovskite absorber in vacuum depends on the device’s chemical composition, configuration, 

processing method, and encapsulation. 

 

Table 3. Atmospheric pressure at the surface of the planet in atmospheres (atm).  The surfaces of Jupiter, 

Saturn, Uranus, and Neptune are deep in the atmosphere and the location and pressures are unknown. 

Adapted from ref [41] 
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4.1. Summary 

In this section, we summarize the vacuum pressures located at the varying space environments of interest. 

Extreme vacuum is a major risk to unprotected perovskites through outgassing and defect formation, in 

addition to accelerating material processes that decrease the lifetime and performance of the cell. Pressures 

in space will be orders of magnitude lower than pressures found on planetary/lunar surfaces. Stability in 

the vacuum environment should be a major target for optimization during the fabrication process as a 

relatively easy environmental condition to simulate. 

5. Atomic Oxygen 

Atomic (monatomic) oxygen is a highly reactive form of oxygen that can significantly degrade the 

performance of solar cells by reacting with or eroding materials. Atomic oxygen (AO) reacts with polymers 

and carbon containing materials typically creating CO and CO2 as shown in Figure 4A. Organic materials 

are found in many high-performance perovskite-based photovoltaics as transport layers or barrier layers, 

but these materials should be avoided if possible, and they should never be used on an exposed surface. 

Despite enhancing photovoltaic power conversion efficiency, these volatile materials will introduce 

vulnerabilities that impact device durability. Metals and inorganic materials undergo surface oxidation 

which may lead to cracking or spalling which also negatively impact device performance over time [118], 

[119]. Unintended chemical reactions and/or physical erosion both disrupt the cell’s electrical properties 
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reducing cell performance. There exist techniques to mitigate the negative impact of AO on materials 

including protective coatings, modified surface chemistry, and the use of getters. Careful materials selection 

is the most effective means of achieving a high efficiency perovskite-based photovoltaic that are robust 

performers in AO rich environments. Figure 4B summarizes all known environments (low Earth orbit, 

Mars, and Jovian moons) with atomic oxygen and reports the density of atomic oxygen as a function of 

distance [119], [120], [121]. Atomic oxygen is not a significant concern in GEO or lunar environments.  

A. B.

 
Figure 4. A. Basic atomic oxygen interaction with organic surfaces B. Density of atomic oxygen as a 

function of altitude from Earth (LEO) [118] and Mars surfaces [119] (black axis), and radial distance 

from Jupiter (1 RJ= 69,911 km) for Jovian moons Io [120] and Europa [121] (red axis). 

 

5.1. Low Earth Orbit (LEO) 

Atomic oxygen (AO) is a highly reactive form of oxygen formed due to residual atmosphere in the Earth’s 

thermosphere. AO is formed by photodissociation of diatomic oxygen when it is exposed to the Sun’s 

ultraviolet radiation (λ < 243 nm) in an environment where the atmospheric density is too low for 

competitive recombination processes to form diatomic oxygen, ozone, or nitrogen oxides.  

Hydrocarbon based polymers and graphite are easily oxidized upon the impact of ~4.5 eV atomic oxygen 

as spacecraft ram into the residual atmosphere of LEO [118]. AO is the most abundant species found within 

the LEO altitudes of 180-650 km and interacts with many materials flying in LEO. AO particle energies 

vary with altitude and typically range from 4-6 eV, providing sufficient energy to break chemical bonds 

and readily interact with incident materials. AO increases the diffuse reflectance of polymers due to surface 

texturing, breaks down and degrades organics and polymer chains, and oxidizes most metals. The AO 

erosion yields for various materials have been tabulated in reference [118]. The degree of surface 

degradation is directly proportional to the AO fluence which depends upon the spacecraft altitude, orbital 

inclination, mission duration, and solar activity [118], [122]. The solar cycle causes variation of the total 

level of atomic oxygen per year in LEO. In Figure 5, we show the variation at 400 km circular orbit, 28.5° 

inclination over two solar cycles. 
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Figure 5. Solar cycle caused variation in total level of atomic oxygen per year in LEO at 400 km 

circular orbit, 28.5-degree inclination. (From Sharon K.R Miller, NASA Glenn Research Center, using 

MSIS-86 model) 

 

In most cases, devices and materials can be protected from AO flux via encapsulation. These coatings often 

consist of metal oxide or metal thin films that are AO durable and prevent AO from reaching the underlying 

material. PV are often encapsulated with cover glass assemblies using a combination of 

adhesive/encapsulant, edge sealant and a cover glass. A protective coating of 1300 Å of sputtered SiOx 

(1.9<x<2) was applied to the International Space Station solar arrays’ Kapton H blankets to significantly 

reduce the rate of oxidation of the underlying polymer [118]. The durability of a protective coating depends 

on the density and size of defects (pin hole and scratch) in the protective coating; increased defect densities 

permit AO attacks via undercutting oxidation at the defect sites. The best protection against AO is achieved 

by using smooth surface-level coatings with low defect density applied to just the space-exposed surface, 

resulting in less trapping of AO preserving the protected material [118]. The aforementioned protection 

mechanisms are suitable for perovskite-based photovoltaics deployed in atomic oxygen rich areas in any 

region of space. 

5.2. Mars 
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Atomic oxygen, O, supersedes CO2 as the prominent species above 200 km and up to the lower exosphere 

of Mars [123]. This indicates that protections against AO will need to be implemented to ensure that 

performance of perovskite solar cells doesn’t rapidly degrade in the Martian atmosphere. The density of 

atomic oxygen as a function of altitude (km) from the Martian surface (in Mars low orbit, MLO) is depicted 

in Figure 4 as the black dashed line.  

5.3. Interplanetary Space 

Atomic oxygen production near Jupiter is primarily attributed to its moons Io and Europa. Io’s atmosphere 

is largely made up of atomic oxygen and sulfur; as these particles undergo atmospheric sputtering and exit 

Io’s exosphere, they can form neutral clouds around Jupiter [120]. Atomic oxygen forms a dense cloud 

(maximum number density of 80 cm-3) around the moon and a more diffuse cloud in the moon’s orbit [120]. 

Europa’s atmosphere has been found to emit atomic oxygen [121], [124], [125], [126]. The density of 

atomic oxygen as a function of radial distance from Jupiter (1 RJ= 69,911 km) for Jovian moons Io [120] 

and Europa [121] is depicted in Figure 4 in red. Protections against AO will need to be implemented to 

ensure that perovskite-based photovoltaic performance is robust. 

5.4. Summary: 

In this section, we summarize the hazard that atomic oxygen poses to perovskites and highlight the specific 

environments in which it is present. AO is particularly damaging to many materials found in perovskite-

based solar cells. Oxidation of metals, degradation of organics and polymers, and surface texturing of 

polymers by AO will greatly decrease the performance of lifetime of perovskites. Coatings to protect from 

AO have been investigated extensively due to its prevalence in the LEO environment. Encapsulation to 

protect from AO is strongly recommended for any perovskites operating in LEO, on the Martian surface, 

or at Jupiter and its moons Io and Europa.  

6. Space Weather and Mechanical Stressors 

Space weather broadly refers to changing conditions throughout the solar system, like varying solar wind, 

and meteoroid streams which affect planetary surfaces and volatile cycles. Solar flares and coronal mass 

ejections are naturally occurring events that result in stressors that can damage photovoltaics. The result of 

geomagnetic storms induced by coronal mass ejection include high energy particles and radiations. These 

effects are discussed briefly below, additional information on the impact of high energy radiation on 

perovskite-based photovoltaics is included in Section 3. 

Dust storms that arise from changing conditions on a planetary body are another natural occurring 

phenomenon that impacts the operation of solar cells via erosion facilitated by abrasive regolith. Mechanical 

strength of photovoltaics for space applications is a frequently overlooked necessity. Cells manufactured 

on Earth and launched to their destination must endure vibrations from launch, flight, and landing. Further, 

as cells are deployed and stowed, they must endure bending without cracking.  Micrometeorite and space 

debris impacts can also cause mechanical damage to photovoltaics once deployed in space. Cells must also 

endure erosion if they are employed in an environment that contains loose regolith or dust. AIAA S-111 

has prescribed tests for mechanical strength of solar cells.  The bend test calls for cells with an area of 20 

cm2
 to be bent around a cylinder of 1500 mm radius under uniform pressure for no less than 10 seconds. A 

visual inspection at 10x magnification is then performed, any cell discrepancies including visual anomalies, 

cell cracks, chips, discoloration, and surface contamination shall be mapped. There is also a breaking load 
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determination where a cell is to be loaded and the flexural strength is computed in Pascals using equation 

3, where P is the applied load in Newtons, L is the outer support span of the test fixture in meters, w is the 

width of the solar cell in meters, and t is the thickness of the solar cell in meters [69].  

 

 

The fracture of perovskite-based photovoltaics results in a loss of ohmic contact and creates an accelerated 

pathway for the diffusion of volatile organic compounds via outgassing. Ancillary layers significantly 

influence the mechanical stability of a perovskite-based photovoltaics and have been observed to be the 

primary source of mechanical failure [127]. Perovskite absorber layers have high coefficients of thermal 

expansion, six times greater than that of soda-lime glass, which provides an inherent stress sufficient to 

induce fracture [128].  This stress is increased by bending stresses or thermal cycling [5], [127].  One known 

mechanical weak point for perovskite devices is in the indium tin oxide (ITO) layer, which is brittle and 

upon flexion cracks propagate along the crystal grain boundaries. The organic charge transport layers within 

a device are a primary source of mechanical failure [5], [127]. It is recommended that during fabrication, 

conditions are controlled such that the resulting perovskite grain size is maximized as this results in greater 

mechanical stability. Further grain boundary engineering, via crosslinking crystalline domains, can further 

increase the fracture resistance of these materials by modestly improving the cohesion energy [127]. 

Altogether, precursor chemistry, stoichiometry, deposition technique, device design, and processing 

conditions are all factors in the resulting photovoltaic devices’ mechanical stability.  

6.1. Low Earth Orbit (LEO) 

Space weather conditions can impact spacecraft in low earth orbit. In February 2022, 38 of the 49 SpaceX 

Starlink constellation satellites were lost due to the impacts of a geomagnetic storm that reached a ‘minor’ 

G1 intensity [129]. Every 11 years, the magnetic field of the Sun flips and the north and south poles 

interchange. During this periodic solar cycle, the activity on the Sun’s surface changes; sunspots are initially 

absent, then increase over time, and finally decrease. The visual difference of the Sun’s surface during 

maximum and minimum can be observed in Figure 6. As a result, there is an increase in radiation flux and 

magnetic field from the Sun through coronal mass ejections (CMEs) and solar energetic particles (SEPs). 

The ejected magnetic field links to Earth’s geomagnetic field and transfers energy into Earth’s 

magnetosphere. Some of this transferred energy is dissipated into the Earth’s upper atmosphere. Resulting 

interactions lead to an increase in thermospheric density and the atmospheric drag acting on LEO satellites 

[129]. Geomagnetic storms have been classified by National Oceanic and Atmospheric Administration 

(NOAA) as summarized in reference [130]. These storms are infrequent but damaging to spacecrafts. 

 

𝜎𝑓 =
3𝑃𝐿

4𝑤𝑡2
 

Equation 3 
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Figure 6. The difference in the surface of the Sun during solar maximum (left, captured April 2014) and 

solar minimum (right, captured December 2019). Credits: NASA/SDO [131].  

 

Geomagnetic storms can cause extensive surface charging of satellites. Surface charging on a space craft 

can significantly impact perovskite-based photovoltaics via increasing the rate and magnitude of arcing on 

arrays.  Arcing occurs when negative surfaces experience electrostatic discharges (ESD or arcs) either from 

surface to surface or directly into plasma once a critical threshold is exceeded. There are two types of 

plasma-related arcs that can occur in space. The first, a primary or trigger arc, is a transient event that 

discharges some spacecraft capacitance, generally on the order of microseconds. The second, a sustained 

arc, is precipitated by trigger arcs and are enabled by the solar array can occur between two solar array 

strings and may be powered by the array’s current generating capacity [93]. Sustained arcs can cause 

substantial damage or destruction to photovoltaic arrays [132].  

6.2. Geosynchronous Equatorial Orbit (GEO) 

The Earth’s magnetosphere traps high energy radiation particles, which form two distinct toroidal shaped 

belts of radiation known as the Van Allen Belts, as shown in Figure 7. Electrons have a two-zone structure, 

while megaelectron volt (MeV) ions are confined to the inner zone because of their larger gyroradii [133]. 

The highly stable inner radiation belt is located about 6000-12,000 km (1-2 RE) above Earth’s surface and 

is composed of relativistic and ultra-relativistic electrons with energies up to 10 MeV and protons with 

energies up to 700 MeV [134]. The density of the proton flux with energy >1 MeV in the inner radiation 

belt is 106-107 cm-2s-1 [135]. The inner zone proton belt is produced by a combination of cosmic ray albedo 

neutron decay (CRAND, where n → H+ + e-) and solar energetic protons associated with flares and coronal 

mass ejections. Solar energetic protons are the primary source at < 50 MeV. The primary threat environment 

of the inner belt is 10’s to 100’s MeV protons. The two belts are separated by a slot region, an area with 

substantially smaller fluxes of particles. The outer radiation belt is located between 25,000-45,000 km (4-

7 Earth radii, RE) above Earth’s surface. It is composed of high-energy particles that originate from the sun. 

The outer radiation belt consists mostly of electrons whose energy is below 10 MeV. The density of the 

electron flux with energy >0.5 MeV in the outer belt is up to 109 cm2s-1 [135]. The outer radiation belt is 
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variable, sensitive to changes in the solar wind and geomagnetic activity. The electron concentration in the 

outer belt may vary as much as a factor of 1000. The primary threat of the outer belt is the 10’s keV to 10’s 

MeV electrons. If energetic electrons with sufficient flux charge materials faster than the charge can 

dissipate that accumulated charge density generates electric fields in excess of the breakdown strength 

resulting in electrostatic discharge. The system impact is material damage. The high energy electrons, 

protons, and ions in the outer belt result in high radiation exposures for perovskite-based photovoltaics 

powering satellites deployed in GEO.  

 

 
 

Figure 7. Different satellite orbits in relation to the Earth and the Earth’s electron radiation belts.  Most 

telecommunication satellites are in GEO, global navigation satellite system (GNSS) satellites such as 

Galileo and GPS are in medium Earth orbit (MEO), the international space station is in LEO. The slot 

region lies between the inner and outer radiation belts. The axes give distance from Earth in multiples 

of the Earth radius (1 RE = 6378 km). Reproduced with permission from [136] 

 

6.3. Lunar 

There is seismic activity on the Moon which could impact the structural components of perovskite-based 

solar arrays. Moonquakes are split into five categories: artificial impacts, meteoroid impacts, shallow 

quakes, deep quakes, and thermal quakes [137]. Artificial impacts result from spacecraft hitting the surface. 

Micrometeoroids are constantly striking the Moon’s surface causing localized seismic activity. It is 

estimated that about 106 kg of material strike each year [138], with masses ranging from 100 g to 100 kg 

and 2 μm to 2.5 m, respectively [139], [140]. Modeling predicts an average micrometeoroid flux of 

1.19x1016 g/cm2∙s across different regions of the Moon, with an average velocity ranging from 10- 72 km/s 

[138], [141]. Shallow moonquakes occur at a depth less than 200 km and are high frequency events; they 

are the most powerful recorded seismic events on the Moon with magnitudes ranging from 3.6 and 5.8 on 

the Richter scale [142]. Deep moonquakes occur between 700-1200 km and are tied to specific source 

regions; they are a common type of seismic activity and tend to be low magnitude. Thermal moonquakes 

correlate with temperature variations in the day-night cycle [143]. 
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6.3.1. Lunar Dust 

The charging processes on the Moon control the behavior of lunar dust, the smallest subset of lunar regolith.  

Lunar dust is classified as regolith with a particle size of 20 µm and smaller. Particles are highly sharp 

because there are no natural erosion processes to erode and smooth the edges like those on Mars and Earth 

[101], [144]. The ionizing radiation environment can electrostatically loft lunar dust which facilitates dust 

deposition onto nearby surfaces [145], [146]. During the lunar day, the Moon is exposed to UV (UVC/UVB) 

light with an irradiance of 26.8 W/m2 [147]. UV irradiation contributes to photoexcitation of lunar regolith 

[148], increasing scattering and lofting activity. Apollo astronauts observed these particles levitating above 

the surface and a “horizon glow” along the terminator as sunlight interacted with the lofted dust [101]. They 

also noted that dust was incredibly difficult to remove and proved to be a hinderance to ground operations 

[149]. This dust readily clings to surfaces and will coat the active surface of solar arrays, lowering power 

output due to reduced light absorption [150].  

Dust can also be deposited on the perovskite-based  solar arrays due to anthropogenic mechanisms through 

means like extravehicular activity (EVA), rover movement, or nearby vehicle landings [148]. Lunar 

landings can be particularly damaging due to plume surface interactions (PSI) where dust is ballistically 

accelerated away from a landing spacecraft [151], [152]. This can be highly damaging to arrays and other 

infrastructure. Lunar dust can also mechanically damage the surface through superficial scratching if it is 

removed improperly. Additionally, lunar dust is an insulator that will build up heat as it absorbs light due 

to its high solar absorbance [153], [154], creating problems for solar cells as the power conversion 

efficiency decreases as the temperature increases [155]. All these factors indicate that dust mitigation will 

be a critical aspect for arrays being implemented on the Moon and must be considered when developing 

surface manufacturing capabilities. 

6.4. Mars 

6.4.1. Mars Dust 

The Martian atmosphere typically contains suspended dust. The levels of suspended dust in the atmosphere 

increases when global or local dust storms introduce dust into the atmosphere, decreases in mild weather 

conditions, and rarely approaches zero. Local dust storms can last a few days, regional storms can cover a 

large area, and global storms spread from the southern hemisphere during the southern hemisphere summer 

and can last for several months [24]. Dust storms have wind speeds up to 32 m/s [156] and dust devils can 

reach heights of 10 km [157]. Thus, all sunlight reaching Mars is filtered and scattered. The view of a dust 

storm from space is shown in Figure 8.  Dust occultation will be an impactful variable to perovskite solar 

cell power output on Mars. Data from the Spirit and Opportunity rovers demonstrate the seasonal and 

irregular changes in τ (optical depth) over many years [158]. Dust storms significantly affect power output, 

with drops of up to 85% for several months at a time [57]. Thus, the low power conversion efficiency of 

single-junction perovskites relative to triple-junction gallium arsenide (GaAs) cells, which were used on 

Spirit and Opportunity, may result in longer battery charging times and less available energy for a given 

mission or could necessitate the need for larger arrays. However, perovskite’s tunable bandgaps, 1.2 up to 

3.1 eV, are attractive options for top cells in tandem photovoltaics. Perovskite top cells would pair well 

with, perovskite, crystalline silicon (c-Si), or copper indium gallium selenide (CIGS) bottom cells [159], 

[160], [161]. Resulting light weight thin-film perovskite photovoltaic modules achieve competitive specific 

powers (Watt/kg) when compared to III-V devices. As space resilient perovskite-tandem devices are 

developed, this performance gap should close.  
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Ground-based highly accelerated lifetime testing has shown that exposure to Mars dust storm conditions 

results in irreversible damage that manifests as VOC losses and a reduction in minority carrier lifetimes 

[162]. These permanent performance losses are the result of high velocity dust impingement. Fortunately, 

the angle that solar cells are oriented to the ground impacts their dust accumulation, with 45-60° 

recommended to be the most robust orientations. Additionally, the wind that accompanies dust storms can 

cause flexure in solar arrays, so one may favor more rigid substrate materials [24]. Mars’ increased distance 

from the Sun compared to the Earth results in a decreased solar power density. Viking Lander 1 reported a 

peak hourly global insolation (i.e., amount of solar radiation) of only 508 Whr/m2, roughly half that of Earth 

[163]. Design considerations for perovskite devices for operation in Mars should include a dust mitigation 

or management system and arrays must be sized appropriately to accommodate reduced incident light from 

global insolation and dust occultation. 

 

 
Figure 8. Haze engulfing Mars during a global dust storm. These two images were taken about a 

month apart in 2001. Photo from NASA’s Mars Color Imager (MARCI) onboard Mars 

Reconnaissance Orbiter (MRO). 

 

The presence of dust also dominates the electrostatic environment of Mars. Dust particle distribution has 

been sorted into three-components: atmospheric dust suspended for long periods of time with diameters 2-

4 µm, settled dust raised into the atmosphere by wind and dust devils (diameter ≤10 µm), and saltating 

particles with diameters greater than 80 µm [164]. Dust levitated by storms and dust devils becomes 

electrostatically charged due to the multiple grain collisions in the dust-laden atmosphere [157]. Incident 

UV radiation on the Mars surface may electrostatically charge the stationary surface dust particles.  Despite 

the total integrated UV flux over 200-400 nm being similar to Earth’s, there is a greater contribution from 

shorter wavelengths to this flux on Mars [165]. Contact charging can also occur as a result of collisions 

between wind-blown dust particles and stationary surface particular matter [157]. Experiments have 

demonstrated that vertical motion of dust in a Mars simulated low-pressure CO2 atmosphere can produce 

electric fields capable of creating electrical discharges which can be detected visually (glow) and 
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electronically [166], [167], [168]. Electrostatically charged dust adheres to surfaces, including the surfaces 

of solar cells thereby reducing their electrical output. Current solutions to manage dust occlusion for solar 

cells include careful selection of array angle [162] (recommended between 45-60⁰) and the inclusion of an 

electrodynamic dust shield which generates a traveling wave that acts as a contactless conveyor to 

accelerate charged dust particles [157], [169]. 

6.5. Interplanetary Space 

In our solar system, the gas giants (Jupiter and Saturn) and ice giants (Uranus and Neptune) lack surfaces 

for spacecraft to land. Their high pressures and extreme temperatures would crush and melt or vaporize any 

spacecraft that attempted to fly into the planet. Once we surmount the challenge of getting a spacecraft to 

survive near these planets, any perovskite-based photovoltaics must exhibit great radiation tolerance. The 

radiation doses are dependent on orbit, as discussed in Section 3. The photovoltaics must also have great 

mechanical strength to endure high winds. Jupiter has cyclones and distinctive belts with east to west winds 

reaching up to 575 km/hr [170]. Saturn’s winds can reach up to 1800 km/hr. Uranus has windspeeds of up 

to 900 km/hr. Neptune’s 2000 km/hr wind gusts make it our solar system’s windiest planet [171].  

6.6. Summary: 

In this section, we summarized the variety of natural phenomena and their resulting hazards in specific 

environments, ranging from lunar dust to micrometeoroids to windstorms on the gas and ice giants. The 

wide range of concerns covered in this section emphasizes the importance of understanding the risks of and 

designing perovskite-based solar array systems for a given mission environment. Dust found on the surface 

of the Moon and Mars can lower the power generated by the array through occlusion and cause mechanical 

damage to the cells themselves. High winds found on the outer planets and Mars and seismic activity on 

the Moon will all require both robust cell and array level systems. Micrometeoroids and geomagnetic storms 

can plague arrays operating both on and off planetary bodies. While it is not necessarily in the scope of 

perovskite solar cell research to address every potential environmental stressor, addressing the mechanical 

risks of a given space environment is an important factor in array design and mission proposal.  

7. Conclusions 

We have thoroughly reviewed the environmental conditions of various regions in space that are impactful 

to the operation of perovskite solar cells. Perovskite-based photovoltaics are most promising for large area 

high voltage arrays and outer planetary satellite missions in LILT conditions. Mission profiles that include 

rapid thermal cycling will pose challenges for long duration operation. Careful attention must be paid to 

the selection of materials that discourage ion migration and are robust in the presence of atomic oxygen. 

Outgassing can be circumvented with careful materials design, selection, and encapsulation. Despite 

promising initial results, radiation environments still pose challenges to perovskite-based photovoltaic 

operation and thus require mission specific ground-based testing to validate durability in the applicable 

space theatre. Similarly, arcing and charging can be alleviated with material selection and diligent mission-

specific coupon design and testing. Any photovoltaic system designed for deployment on the lunar or Mars 

surfaces will require dust mitigation. Dust mitigation can include active dust removal, or passive solutions 

such as encapsulation or array assembly at angles that impede dust adherence. Mechanical stressors are also 

unique to the mission; however, photovoltaic systems can be packaged to endure mechanical threats. 

Preliminary investigations of the greater perovskite space research community indicate that these materials 

can be designed and packaged to survive the space environment to which they will be deployed.  
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The design of photovoltaics for operation in space is mission specific. As such, the mission’s duration, 

location, scientific goals, and operational requirements should be considered in the in the selection, design, 

and preparation of solar cells and array systems. All results thus far are very encouraging for the feasibility 

of perovskite-based photovoltaics for operation in space. More deeply understanding the contribution of 

each environmental factor on the perovskite-based photovoltaic devices will be critical. Combined 

environmental interactions can be more detrimental than the sum of their parts and must be investigated 

and considered, as well. We strongly recommend ground-based testing whenever possible, especially for 

the introduction of a novel photovoltaic material such as perovskites in a mission profile for which there is 

not heritage data. Progress in the basic science of perovskite-based photovoltaics in space theatres will be 

translatable to increasing the power conversion efficiency and stability of terrestrial cells.  
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Highlights 

 

• Space environments are surveyed with respect to perovskite-based photovoltaic performance. 

• Thermal, radiation, vacuum, gaseous, and other space stressors are discussed. 

• General testing needs for perovskite-based photovoltaics are detailed. 
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