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Abstract 
 

Creating an efficient, lightweight, and sustainable source of power for space exploration is one of the main 

challenges of aerospace community that has been often addressed using photovoltaic technology. While 

state-of-the-practice photovoltaic technology is already supporting missions as distant as Juno that is 

currently orbiting Jupiter, its high mass and susceptibility to radiation damage imposes limits on the 

ultimate performance and lifetime. Perovskite solar cells have recently emerged as one of the most rapidly 

advancing thin film solar cell technologies showing high performance and radiation hardness. Hence, ultra 

lightweight perovskite solar cells fabricated on micrometer-thin polymer substrate previously developed 

in our lab are promising candidates for space application. During this research visit, performance of ultra 

lightweight perovskite solar cells was examined under low temperature, high temperature, and low 

intensity – low temperature conditions, as well as under simulated low Earth orbit environment. Two 

perovskite compositions were examined with mixed cation mixed anion emerging as the more stable and 

reliable. Framework was established for practical aspects of ultra lightweight perovskite solar cell form 

factor measurements that will allow for future collaboration between Johannes Kepler University and 

California Institute of Technology.  
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Introduction 

 

Perovskites 
Metal halide perovskite has achieved the quickest and most impressive progress amongst all photovoltaic 

materials. The name perovskite originally referred to a crystal structure of calcium titanium oxide (CaTiO3) 

[1]. This mineral was first discovered by a 19th century Prussian mineralogist Gustav Rose in a piece of 

chlorite-rich skarn and named after Russian nobleman and mineralogist Lev Alekseevich von Perovski on 

suggestion of famous mineral collector August Alexander Kämmerer [2]. Later, it has been discovered that 

a number of other minerals (BaTiO3, PbTiO3, SrTiO3, etc.) have this crystal structure too, giving the name 

a broader definition. Nowadays, the name perovskite refers to a family of compounds that have an 

empirical formula of ABX3 where an idealized cubic unit cell having A atom at cube corner positions (0, 0, 

0), B atom sitting in body center positions (½, ½, ½), and X atoms at face center positions (½, 0, 0; 0, ½, 0; 

0, 0, ½) (Fig. 1a) [3]. Most of the naturally occurring perovskites can be found in the lower Earth mantle, 

including compounds like bridgmanite or knopite [2]. Initially, the interest in this materials family arose 

due to high temperature super conductivity discovered in copper - based oxide perovskite [4]. This 

followed by research in related fields finding application for perovskites in capacitors [5], piezoelectric 

devices [6], scintillators [7], catalysis [8], colossal magnetoresistance research [9], ferroelectrics [10], and 

multiferroics [11]. One of the first investigation of metal halide perovskites was done on CsPbBr3 in 1893 

by Wels et al. [12], but its actual structure was identified only years later in 1958 by C. K. Møller [13]. In 

1978, Weber has discovered that Cs+ can be easily replaced by organic methylammonium cation (CH3NH3
+) 

and was the first to report on organic inorganic metal halide perovskites [14]. Nevertheless, the seminal 

work of Miyasaka and colleagues in 2009 [15] followed by the work of Snaith and colleagues in 2012 [16] 

were the first to recognize CH3NH3PbI3 as an auspicious photovoltaic active material. Their publications 

have catalyzed an avalanche of research and kickstarted successful field of study with most recent devices 

showing certified 23.7 % power conversion efficiency [1]. The unique crystalline structure, that gives rise 

to an unmatched success of this material, can be maintained only in combination of certain atomic radii 

of its constituent components. The relationship between each individual atom is controlled by an 

empirical Goldschmidt tolerance factor (α) and is defined as follows:  

 
𝛼 =  

𝑟𝐴 + 𝑟𝐵

√2(𝑟𝐴 + 𝑟𝑋)
 

(1) 

where rA – atomic radius of a cation, rB – atomic radius of a metal center, and rX – atomic radius of an 

anion. The Goldschmidt equation suggests that the perovskite structure will be preserved only  
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Figure 1. Flexible photovoltaics for aerospace application. (a) Perovskite crystal structure, with an empirical formula 

ABX3, where A (blue) refers to cation, B (red) refers to metal center, and X (yellow) refers to halide anion. (b) Solar-

powered model airplane utilizing ultra lightweight perovskite photovoltaics fabricated on 1.4 µm operating in 

outdoor conditions [17]. (c) Images of Roll-Out Solar Array (ROSA) from International Space Station (ISS), operating 

between April and September 2017, demonstrating compact deployable photovoltaic structure. Highlighted are 

pictures of ROSA fully unrolled (top), at the beginning (bottom left), and at the end of deployment (bottom right) 

[18], [19]. (d) Outline of extreme environmental challenges (high radiation and low/high temperatures) facing 

spacecrafts around selected bodies in our solar system [20]. (e) Timeline of selected recent publications that consider 

perovskite solar cells for space application by examining their radiation hardness, simulating performance under low 

intensity - low temperature conditions, as well as reporting on high - altitude stratospheric mission results of these 

photovoltaic technology.  
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if α ≈ 0.8 – 1 [21]. In current state-of-the-art formulations of metal halide perovskites for solar cells, A-site 

is occupied by methylammonium, formamidinium, and Cs, B-site is a metal center containing Pb or Sn, 

and X-site is populated by a halide anion [1]. Additionally, metal halide perovskites distinctive ionic crystal 

nature allows it to compete well with conventional covalent semiconductors. Ease of processing using 

solution techniques and its high absorption coefficient allows it to be used as a thin film. Unparalleled 

defect tolerance that results in large carrier diffusion length and suppressed recombination together with 

broad absorption spectrum contribute to superior performance and high efficiency of perovskite based 

solar cells [1]. Over time, metal halide perovskites have found application not only in photovoltaics, but 

also in optoelectronics [22], radiation sensors [23], and information storage technology [24]. 

Flexible electronics and perovskite solar cells 
Fabricating electronics on flexible substrates dates back to middle of the last century when curiosity driven 

scientists at Westinghouse Laboratory fabricated first flexible logic in 1967 [25]. In the same year, K. A. Ray 

of Hughes Aircraft Company reported first Si solar cell on flexible foil and its related space deployable 

structure, stating that the first discussion of this idea took place as early as 1958 [26]. The next major step 

in flexible electronics took place in 1999 when amorphous Si thin-film transistor was fabricated on 3 μm 

steel substrate allowing for the pioneerign demonstration of ultrathin and ultraflexible device [27]. 

Renewed interest in these types of devices was sparked by the development of imperceptible organic 

electronics [28]. Fabricating thin-film electronic layers in the neutral mechanical plane between substrate 

and encapsulation structure allowed for extreme mechanical behavior and minute bending radii. 

Examples of devices fabricated on 1.4 μm foil usually used for capacitors include active-matrix array 

sensors, thin-film transistors, and light emitting diodes (LEDs) [29], [30]. This was followed by first 

demonstration of organic and then perovskite solar cells in this form factor [17], [31]. Kaltenbrunner et al. 

have fabricated ultra lightweight perovskite solar cells on 1.4 μm PET foil, resulting in the total device 

thickness of about 3 μm and record-breaking power-per-weight ratio of 23 W g-1. As predicted, these solar 

cells also showed unprecedented resilience to mechanical deformation and bending radii that could be 

reduced to 10 μm. The results were demonstrated by operating a small model glider airplane using a small 

array of these devices (Fig. 1b). 

 Flexible and ultra lightweight solar cells extend the realm of photovoltaics application beyond that what 

is possible with hard, planar, and bulky conventional solar cells. Potential applications range from 

wearable electronics [32], electronic textiles [33], artificial skin [34], and application on deformable 

surfaces that can be extended though medical, safety, security, infrastructure, and communication 
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industries [35]. Specific advantage of perovskite solar cells is its high conversion efficiency in low light 

conditions that is especially relevant for wearable devices [36]. Furthermore, production of flexible 

photovoltaics can be done via roll-to-roll process that can significantly decrease its cost and make 

production time considerably smaller, as it has been shown in examples of organic solar cells [37] and dye 

sensitized solar cells [38]. While many of the previous generation photovoltaic technologies that have 

been dominating the market, like amorphous Si [39], GaAs [40], CdTe [41], and CIGS [42], have already 

been made flexible, low cost and ease of production position perovskites as a worthy competitor in the 

field of flexible solar cells. On the whole, the ultra lightweight perovskite solar cells possess a number of 

properties like high efficiency, small thickness, and extreme bendability that is useful for transportation 

and storage while also reducing additional cost related to fabrication and installation. 

Solar cells on spacecrafts 
Aerospace is a field where inherent properties of ultra lightweight solar cells like high specific power, low 

area density, and low stowage volume are of outmost importance. Historically, space application has been 

the major driver for the development of photovoltaic solar panels [43]. First solar powered satellite was 

Vanguard 1 launched in 1958 that had just eight 2 × 0.4 cm silicon cells connected in series attached to its 

body [44]. These cells provided only 50 mW of power and had about 8 % power conversion efficiency. 

Vanguard 1 transmitted signal for almost 6 years using these solar cells, as opposed to its battery powered 

contender Sputnik 1 that worked only for three weeks [43]. Solar cells remain the standard space 

application energy source. Photovoltaics in outer space power a range of sensors, assist with thermal 

control, telemetry as well as power propulsion systems [43], [45]. Some more recent mission examples 

including Magellan that was used to map out the surface of Venus, Mars Global Surveyor that helped to 

pave the way for Mars rovers, or Hubble that is the first space telescope [45]. One of the most impressive 

examples of solar powered spacecrafts is Juno that currently orbits in the extreme environment of Jupiter. 

Its three 9 m arrays containing 18,698 single cells operate in low intensity – low temperature conditions 

and additionally designed to withstand severe radiation surrounding the largest planet in our solar 

system [46], [47].  

While gallium arsenide-based multijunction solar cells are state-of-the-practice technology at the 

moment, perovskite photovoltaics have also been theorized to become useful sources of energy for future 

space mission. Examples include high altitude pseudo satellites (HASP) [48], operation under low intensity 

– low temperature conditions in outskirts of our solar systems [49], and endeavoring projects like Space-

Based Solar Power [50]. Practically, these applications will require integration with advanced deployable 
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structures which will benefit from ultra lightweight form factor. Existing designs and prototypes include 

retractable solar array “blankets” on International Space Station (ISS) [51], experimental Roll Out Space 

Array (ROSA) that was unfurled and tested in Earth orbit in 2017 (Fig. 1c) [52], or even more complex 

lightweight coilable ladder-type structure proposed by Gdoutos et al. [53]. While large solar arrays are 

setting excellent examples of what can be achieved with solar power in space, there exists a burgeoning 

field of small spacecrafts that include mini- (ca. 100 kg), micro- (10-100 kg), nano- (1-10 kg) or even pico- 

(0.01-1 kg) and femtosatellites (0.001-0.01 kg) that also require solar power (85 % of small spacecrafts are 

powered via solar cells) [54]. This research and technology aims to not only incrementally improve the 

existing capabilities but bring forward new and revolutionary approaches which would otherwise take too 

long to develop on larger structures. Combination of ultra lightweight perovskite solar cells’ intrinsic high 

flexibility and body of deployable structure knowledge makes perovskite photovoltaics a great candidate 

for aerospace applications. 

Space environment and peroskite solar cells 
While devoid of moisture and oxygen, the main factors contributing to perovskite solar cell degradation 

on Earth, harsh environment of outer space still presents a plethora of scientific and engineering 

challenges for any photovoltaic technology. Past, current, and future missions orbiting Earth, performing 

fly - byes or orbiting other planets in our solar system must face both extremely low and high 

temperatures, as well as withstand severe levels of radiation (Fig. 1d) [20]. Temperature profiles are 

dependent on the distance from the Sun as well as on the amount of heat produced by a space body. 

Systems on board of spacecraft to Venus might have to withstand temperatures as high as 460 °C, while 

missions to Neptune will need to survive -200°C [55]. The Sun, besides being the source of light, is also 

the source of solar wind which fills the vast empty space in our solar system with considerable amounts 

of radiation. Solar wind is mostly a stream of protons and electrons moving past Earth with an average 

speed of 400-500 km/h. In addition to solar wind, the Sun tends to have flares, sunspots, prominence, 

spicules, plages, and facula over time. Another source of radiation is galactic cosmic rays consisting of 

mostly protons, but also alpha particles and heavy nuclei coming from beyond our solar system. Both 

types of radiation coming from the Sun and outside of our solar system can be trapped in a planetary 

magnetic field to create unique radiation environments. While some planets like Mars and Venus have no 

or very weak magnetic fields, others like Jupiter, Neptune or Uranus have extremely strong magnetic fields 

creating permanent radiation belts. Earth with 0.3 G of magnetic field has a region of trapped particles 

called the Van Allen belts that present a significant issue for spacecrafts travelling through it or satellites 

operating in its vicinity [43], [45]. Further difference in space for photovoltaics lies in solar spectrum that 
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is unfiltered by Earth atmosphere. It is referred to as Air Mass Zero (AM0), as opposed to Air Mass 1.5 

(AM1.5) on Earth, and has to be considered when testing solar cells for aerospace application. Despite 

solar intensity being higher in space, solar cells often perform worse under AM0 due to difference in 

spectral distribution.  

While some knowledge of perovskite solar cells behavior under low or high temperatures is available, an 

increasing number of studies over the last five years have focused on perovskites as potential active 

material for space application (Fig. 1e). A study by Miyazawa et al. [56] has noted perovskite’s hardness 

to electron irradiation as early as 2015 (E = 1 MeV, rate = 1×1012 cm-2s-1, He = 1×106 cm- 2), which then was 

followed by several studies by this and other groups including both electron and proton (E = 50 keV, rate 

= 3×1011 cm-2s-1, He = 1×1012 to 1×1015 cm-2) hardness [57]–[62]. Work by Yang et al. [63] and 

Boldyreva et al. [64] report different outcomes for stability of perovskite after gamma ray irradiation. 

Yang et al. report perovskite solar cells to retain 97 % of their efficiency after irradiation with accumulated 

dose of 2.3 Mrad. On the other hand, Boldyreva et al. report degradation of solar cells (25-35 % of its 

initial value) after material absorbing only 0.05 Mrad of gamma ray radiation. This suggests that additional 

studies must be conducted, that will take into account specific perovskite composition and device 

architecture. Paterno et al. investigated perovskite solar cell performance before and after fast neutron 

(>10 MeV) irradiation, reporting high resilience to this type of severe form of radiation [65]. A high-

altitude balloon OSCAR (Optical Sensors based on CARbon materials) mission as a part of REXUS/BEXUS 

(Rocket and Balloon Experiments for University Students) program by European Space Agency was the 

first to have perovskite solar cells (CH3NH3PbI3) operating for about 3 h in stratospheric conditions (about 

30 km altitude) and reported significant drop of power conversion efficiency from initial 14 to 9 % after 

the flight [66]. A similar mission conducted by researchers from China reports a rigid perovskite solar cell 

sample (FA0.81MA0.10- Cs0.04PbI2.55Br0.40) returning back from 2 h stratospheric flight (35 km altitude) 

retaining about 95 % of its original power conversion efficiency [67]. Moreover, Brown et al. showed good 

performance of rigid perovskite solar cells [(FA0.79MA0.16Cs0.05)0.97Pb(I0.84Br0.16)2.97] in simulated low 

intensity – low temperature environments common for outer planetary missions to places like Jupiter, 

Saturn, and their moons [49]. Their study suggests that perovskite solar cells can perform well under these 

conditions maintaining high power conversion efficiency and having lower hysteresis. As recently as 2020 

a study was also published by Barbe et al. reporting compatibility and reliable performance (80 % PCE 

after 25 days of day - night cycles) of mixed cation  -mixed anion perovskite rigid solar cells 

[Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3] under low pressure low temperature simulated stratospheric 



11 
 

conditions (-70 to 20 °C, 10 mbar), giving even stronger support to perovskite solar cell application in 

aerospace [48]. 
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Methods  

Materials 
All chemicals and solvents were purchased from commercial suppliers and used as received, if not stated 

otherwise. The list of materials used during this project include Hellmanex III detergent (Hellma Analytics), 

Sylgard 184 Silicone Elastomer (PDMS, Dow Corning), polyethylene teraphtalate foil (PET, Mylar® CW02), 

n-hexane (VWR, 98 %), PEDOT-PSS aqueous dispersion (Clevios PH1000, Heraeus), Zonyl FS-300 (abcr 

GmbH), lead chloride (PbCl2, Sigma Aldrich, 98 %), lead iodide (PbI2, Sigma Aldrich, 99.9 %), lead bromide 

(PbBr2, Sigma Aldrich, 99.99 %), cesium iodide (CsI, Sigma Aldrich, 99.9 %), N,N-dimethylformamide (DMF, 

anhydrous, Sigma Aldrich), dimethylsulfoxide (DMSO, VWR, 99.5 %), acetyl acetone (AA, CH3COCH2COCH3, 

Sigma-Aldrich, ≥99 %), chlorobenzene (VWR, reagent grade), N,N′-dimethyl-3,4,9,10-

perylentetracarboxylic diimide (PTCDI, purified through sublimation 2 times, Hoechst), epoxy (EPO5.S200, 

Conrad.at), 4,4'-biphthalic anhydride (dianhydride, CAS RN:2420-87-3, TCI Chemicals), 9,9-bis(4-

aminophenyl)fluorene (diamine, CAS RN:15499-84-0, TCI Chemicals), and 1-methyl-2-pyrrolidinone 

(NMP, anhydrous, 99.5 %, Sigma Aldrich). 

Methylammonium bromide (MABr) was synthesized from methylamine (33 wt% in absolute ethanol; 

Sigma Aldrich) and hydrobromic acid (HBr, 48 wt%, aqueous; Sigma Aldrich) and purified using 

diethylether (VWR) and absolute ethanol (Merck Millipore) as described in literature [68], [69]. 

Methylammonium iodide (MAI) and formamidinium iodide (FAI) were synthesized using analogous 

procedure using hydroiodic acid (HI, 57 wt%, aqueous; Sigma Aldrich). 

Polyimide (PI) was synthesized using procedure reported by Hulubei et al. [70]: dianhydride (0.588 g, 

2 mmol) was added under continuous stirring over diamine (0.696 g, 2 mmol) that was dissolved in 6.5 mL 

anhydrous NMP in three-necked round bottom flask fitted with N2 inlet and outlet tube, mechanical stirrer 

and a reflux condenser. The reaction was stirred at room temperature over night to yield polyamic acid 

(PAA). Polimide films were prepared by spin coating (1700 rpm, 30 s) PAA precursor (20 wt% in NMP) onto 

glass slides that was then annealed at 185 °C for 1 hour under ambient conditions.  

Solution preparation 
PDMS solution was prepared by mixing 1:10 w/w of crosslinker to hardener and then diluting it 1:2 w/w 

with hexane. 
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PEDOT solution was prepared by mixing Clevios PH1000 stock solution with 5 vol% DMSO and 0.5 % Zonyl 

FS-300, stirring at room temperature for an hour and keeping at 4 °C overnight. PEDOT solution was 

filtered through Minisart RC25 Syringe filter 0.45 μm regenerated cellulose right before use.  

Mixed anion perovskite precursor solution (CH3NH3PbI3-xClx) was prepared according to procedure 

reported in Heilgenaw et al. [71]. PbCl2 (144.5 mg, 0.5 mmol), PbI2 (239.6 mg, 0.5 mmol) and CH3NH3I 

(256.0 mg, 2.3 mmol) were dissolved in 1 mL of DMF and AA (9:1 v/v ratio respectively) followed by 

stirring at 45 °C overnight. The solution was passed through polytetrafluoroethylene syringe filters 

(0.45 μm; Whatman) before spin coating. 

Mixed cation - mixed anion perovskites [Cs0.05(FA0.83MA0.17)0.95PbI3-xBrx] precursor solution was prepared 

according to procedure reported in Heilgenaw et al. [72]. PbI2 (507.5 mg, 1.10 mmol), FAI (172 mg, 

1.00 mmol), MABr (22.4 mg, 0.20 mmol), and PbBr2 (73.5 mg, 0.20 mmol) were mixed in 1 mL of DMF and 

DMSO (4:1 v/v ratio respectively) followed by stirring at 45 °C until dissolved. Afterwards, CsI (ca. 

0.063 mmol, from 1.5 M stock solution in DMSO) was added to the mixture and stirred overnight. Parent 

solution was passed through polytetrafluoroethylene syringe filters (0.45 μm; Whatman) before spin 

coating. 

Device fabrication  
Glass substrates (2.5 × 2.5 cm, 1 mm thick) were cut and cleaned in an ultrasonic bath for 30 min each in 

2 v/v% Hellmanex in DI water solution, 2×DI water solution, isopropanol and dried using N2. Then PDMS 

solution was spin coated at 4000 rpm for 30 s on glass and placed on a heat plate at 150 °C for 10 min to 

cross-link. Next, the 1.4 μm PET foil was carefully placed on the sample avoiding air pockets and then 

transferred to a heating plate again at 110 °C for another 10 min. Afterwards, Cr/Au (10/100 nm) busbars 

were thermally evaporated (0.1-1 nm s-1 at base pressure ~1 × 10-6 mbar). Highly conductive PEDOT 

solution was spin coated 1500 rpm for 45 s (ramp 2 s) followed by 1000 rpm for 2 s (ramp 1 s) and 

annealed at 122 °C for 15 min. Then the film was washed by spin-coating isopropanol solution at 1500 rpm 

for 4 s followed by 4000 rpm for 12 s and annealed at 120 °C for 15 min.  

Mixed anion perovskite precursor solution was spin coated under ambient conditions at 1300 rpm (ramp 

2 s) for 17 s followed by 2000 rpm (ramp 2 s) for 5 s. Then the films were annealed at 115 °C for 40 min.  

Mixed cation - mixed anion perovskites films were processed inside N2 glovebox. Precursor solution was 

deposited using anti-solvent procedure. First the solution was spin-coated at 1500 rpm for 10 s (ramp 9 s) 

followed by 6000 rpm for 30 s (ramp 2 s). Ca. 0.2 mL of chlorobenzene (anti-solvent) was dropped at 23rd  
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Figure 2. Experimental set-up and sample holder. (a) Block diagram of the experimental set-up built for vacuum 

thermal cycling experiment. Cold head that houses the sample is connected to a He compressor and high vacuum 

pump system in order to allow low - temperature high - vacuum measurements. Temperature can be raised via a 

resistive heating element connected to an adjustable DC power source (ADCPS) and controlled through temperature 

controller. Source Measurement Unit (SMU) is used to perform electrical measurement (JV sweeps, maximum power 

point tracking, etc.) and open/close shutter in front of the solar simulator. SMU and temperature controller are 

operated using in - lab written software in Python. (b) Assembly drawing of a custom - built cryostat sample holder 

for a flexible solar cell on a plastic frame support, highlighting its copper body, custom designed printed circuit board 

and terminal posts for electrical contact. 
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second for about 3 s. Then the film was annealed at 100 °C for 1 h. 150 nm PTCDI layer was deposited via 

thermal evaporation at 0.5-2 nm s-1 rate and base pressure ~1 × 10-6 mbar. This was followed by thermal 

evaporation of Cr/Au contacts (10/100 nm) at rate of 0.1-1 nm s-1 and base pressure ~1 × 10-6 mbar. 

1.5 μm thin PI film was used for encapsulation and mechanical reinforcement. A layer of epoxy was spin 

coated (2000 rpm, 30 s) onto the PI film and then it was promptly lifted off the glass and transferred onto 

the solar cell, epoxy layer facing towards the solar cell. Flexible solar cells were lifted from their glass 

support using transfer printing technique with Parafilm as the carrier in order to provide additional 

mechanical support and reduce bending stress during transfer. Resulting solar cells (6 pixels on every 

device, 0.11 cm2 each) were fixed to a plastic PET frame using double sided Kapton tape allowing to handle 

them in their freestanding form. 

Characterization 
Electrical characterization at JKU were performed using Keithley 2400 Source Measurement Unit. JV 

sweeps were performed at 200 mV/s rate inside of a N2 glovebox under AM1.5 illumination. Samples were 

transferred between the labs inside of sealed aluminum coated Mylar bags filled with N2 and later stored 

inside N2 box. JV measurements at Caltech were performed using Keithley 2400 Source Measurement 

Unit under ambient conditions at 200 mV/s unless stated otherwise. Maximum Power Point Tracking 

measurement was adapted from Rakocevic et al. [73]. VMPP and JMPP were determined from a single IV 

sweep, Perturb and Observe algorithm was used with n (number of measurements) = 5, ΔV (voltage step 

size) = 50 mV, d = 3 s. 

Measurement set-up 
Cryostat measurement set-up that was built in the course of this research visit is shown in Fig. 2a. It allows 

for measurements in high vacuum conditions, cooling via He compressor, controlling temperature via 

Adjustable DC Power Source (ADCPS) and temperature controller, performing electrical measurements 

and controlling the solar simulator via Source Measurement Unit (SMU) Keithley 2400. Sample was placed 

in the cold head of the cryostat and thermally contacted using thermally conducting grease (Apiezon N 

Cryogenic High Vacuum Grease from SPI Supplies) and electrical measurements were done using custom 

build sample holder consisting of copper body, PCB, and spring-loaded pins for to contact individual pixels 

(Fig. 2b). Hardware was addressed and the data was collected using custom written Python software. 
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Results  
 

Mixed anion perovskite solar cells temperature cycling  
Initial low temperature testing was performed on mixed anion perovskite solar cells (Fig. 3a) under high 

vacuum conditions and AM1.5 illumination with a dual purpose of accessing set-up working parameters 

and testing mixed anion perovskite solar cell performance. After storage and transportation between the 

labs (Fig. 3b) mixed anion perovskite solar cells show signs of degradation (lower VOC, JSC, and FF). This 

information serves as a basic ground operation test, mimicking handling and transportation conditions 

that are common for large solar arrays before they are sent into space operation [43], [45]. Perovskite 

solar cell storage degradation is a common problem that has been noted in literature and can be remedied 

by improved packaging as well as compositional engineering [49], [66]. Nowadays encapsulation and 

packaging of the perovskite photovoltaics and their general stability is emerging as the next focal point of 

investigation in the perovskite research community [74], [75].  

Next, space environment testing was performed under high vacuum and reduced temperature. JV 

measurements were done while the cell was being cooled down to -120 °C under 1×10-7 Torr (Fig. 3c,d). 

General behavior of the solar cell could be split into three regions by temperature. No major changes to 

the device performance was observed in the range between 25 and -20 °C (I). After -20 °C and down to 

- 90 °C, FF of the solar cell decreases significantly (II), followed by an abrupt transition after -90 °C. Here 

the JV curve flattens, showing very low JSC value while still maintaining its VOC (III). The temperature 

corresponding to the change in JV curve shape correlates closely with the temperature at which 

photoluminescence (PL) peak position of CH3NH3PbI3-xClx thin film starts to change [76]. The PL shift is 

explained by transition from tetragonal to orthorhombic crystal phase that occurs in this type of 

perovskite materials as a sample is cooled down [77]. This change of the crystal phase is associated with 

change in band gap, thus explaining difference in performance in this solar cell in low temperature regime. 

Upon closer examination of JV curves, VOC (Fig. 3e) increases from 890 to 940 mV between 25 and -20 °C, 

decreases to 930 mV at -90 °C and then drops by about 50 mV at temperatures below -90 °C showing 

overall erratic behavior. Almost linear increase in the first temperature region is predicted by the following 

equation that is derived from the general diode model [78]: 

 
𝑞𝑉𝑂𝐶 = 𝐸𝐴 − 𝑛𝑘𝐵𝑇 𝑙𝑛 (

𝐽00

𝐽𝑝ℎ
) 

(2) 
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Figure 3. JV characterization of mixed anion perovskite solar cells under low temperature conditions. (a) Device 

architecture of ultra lightweight and flexible mixed anion perovskite solar cell fabricated on 1.4 µm PET foil, with 

MAPbI3-xClx in the middle, surrounded by hole and electron transporting layers (PEDOT and PTCDI respectively), 

chromium-gold electrode and encapsulated with PI and epoxy; (b) JV characteristics of a device measured right after 
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the fabrication and then later after transportation and storage, highlighting decrease in performance. JV 

measurements as a function of decreasing temperature in the range between (c) 25 and -20 °C and then between 

(d) -20 and -120 °C. Initially the cells do not show significant change in their JV behavior until -20 °C (I), then gradual 

FF decrease is observed between -20 and -90 °C (II), followed by noticeable drop of JSC and FF after -90 °C due to 

crystal phase transition occurring in this type of perovskites (III). (e) VOC as a function of decreasing temperature, 

shows initial increase (I) as predicted by theory, then relative saturation (II), and abrupt decrease (III) at lower 

temperatures. (f) JSC as a function of decreasing temperature, demonstrating a steady value (I, II), up until -90 °C, 

where it decreases significantly. (g) FF as a function of decreasing temperature, monotonically decreasing with 

decreasing temperature (I, II) until -90 °C phase transition temperature, after which its value drastically drops. (h) 

Power conversion efficiency as a function of decreasing temperature, showing relatively stable value in the beginning 

(I), modest decrease after -20 °C (II), and instantaneous  drop after -90 °C (III); (all measurements performed in high 

vacuum [10-7 Torr] and under AM1.5 illumination). 

 

where q is the elementary charge, EA – activation energy of the dominant recombination mechanism, n – 

ideality factor of the solar cell, kB – Boltzmann constant, T – temperature, J00 – prefactor of the reverse 

saturation current density J0, and Jph – photocurrent density. By extrapolating the VOC within the linear 

regime to 0 K it is possible to estimate EA. In this case significant difference between the estimated EA and 

the band gap of CH3NH3PbI3-xClx (EA ≈ 1.3 eV and Eg ≈ 1.5 eV) suggests the non-radiative recombination 

path at interfaces of the perovskite active material [79], [80]. Nevertheless, it is important to mention that 

extrapolating from the limited set of data at higher temperatures introduces uncertainty that is at least 

±0.1 V. VOC saturation at around 200 K was previously observed in different thin film photovoltaics studies 

including perovskites [80]–[82], OPV [83], and CZTSSe [84]. This saturation region suggests that there are 

different factors limiting VOC in various temperature regions: T > 200 K - interfacial charge recombination, 

T < 200 K - low charge carrier transfer rate [81], [83]. JSC appears to remain relatively stable up until phase 

transition temperature where it drops by an order of magnitude (Fig. 3f), whereas FF slowly decreases 

from 70 to 50 % up until -90 °C (Fig. 3g). Overall, power conversion efficiency remains stable between 25 

and -20 °C, with best performance at around 0 °C, and drops by about 30 % between -20 and -90 °C 

(Fig. 3h). Crystal phase transition effectively limits device performance at temperatures below -90 °C. It 

has been previously reported that problems with charge carrier extraction in the electron transporting 

layer is the main reason for subpar performance of these type of perovskite solar cells at low temperatures 

[49], [85]. Nonetheless, it appears that the issue can be resolved by either doping the existing electron  
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Figure 4. Maximum power point tracking of mixed anion perovskite solar cells. Power conversion efficiency 

(purple) and corresponding VMPP (blue) and JMPP (green) values as a function of varying temperature conditions (pink) 

over the period of 18 h (9 cycles) under constant illumination (AM1.5) and high vacuum (10-7 Torr). 

 

transporting layer or replacing it with more conductive alternatives which allow the solar cell to perform 

well under low temperature conditions.  

Even though performance of mixed anion solar cell is poor at low temperature, this behavior is reversible 

when the temperature is brought back up. In order to confirm this hypothesis, vacuum thermal cycling 

between 25 and -100 °C at 1×10-7 Torr and under constant AM1.5 illumination with maximum power point 

tracking was performed. As it is evident in Fig. 4, power conversion efficiency starts at 9 %, has a small 

initial “burn-in” period and continues to drop as the temperature decreases. Nevertheless, it recovers 

when the temperature is brought back to 25 °C and keeps on recovering for another 8 temperature cycles.  

In order to access the effects of high temperatures on flexible mixed anion perovskite solar cells, JV 

sweeps were measured as the temperature was increased stepwise up to 80 °C. VOC is most sensitive to 

changes in temperature (Fig. 5a). As expected from eq. 2, VOC decreases with increasing temperature but 

tends to return to its original value when the temperature is decreased again. VOC value does not recover 

sufficiently after 60 °C. JSC remains stable up until 70 °C but does recover relatively quickly even when the 

cell is heated to 80 °C (Fig. 5b). FF remains unperturbed up until 60 °C and appears to deteriorate after  
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Figure 5. Solar cell parameters of mixed anion perovskite solar cell during dynamic stepwise temperature increase. 

(a) VOC showing high sensitivity to temperature changes, starts to slightly decrease already at 40 °C and exhibits signs 

of recovery up to 60 °C. Significant decrease and later poor recovery is observed after 70 °C. (b) JSC shows stable 

behavior up to 60 °C, then decreases with swift recovery up to 80 °C; (c) FF displays robust values up until 60 °C and 

reasonable recovery up to 80 °C. (d) Power conversion efficiency does not decrease significantly up until 50 °C. While 

heated to 60-70 °C and higher the solar cells exhibits some degree of recovery but overall lower performance; (all 

measurements performed in high vacuum [10-6-10-7 torr] and under AM1.5 illumination). 

 

the sample is heated to 80 °C (Fig. 5c). Overall the cell efficiency starts to show worse performance after 

heating to above 60-70 °C and does not recover in a short period of time (Fig. 5d). Effects of thermal 

cycling on rigid perovskite solar cell stability have been previously reported, highlighting the importance 

of charge transport layer selection and showing recovery after a number of cycles (anywhere from 10 to 

200) even if heated to 80 °C [86]–[89].  

Curiously, during post-test investigation it was observed that PET supporting frame has undergone some 

permanent mechanical deformation (bending out of plane), most likely due to changes in mechanical 

properties of this material around its glass transition point. This is very likely the cause of bad electrical 

contact and therefore missing data points at around 112, 150, and 162 min. These results suggest that  
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Figure 6. JV characterization of mixed cation - mixed anion perovskite solar cells under low temperature - low 

intensity cycling conditions. (a) Device architecture of the solar cell with Cs0.05(FA0.83MA0.17)0.95PbI3-xBrx as its active 

material; (b) JV sweeps of the solar cell right after fabrication at JKU and afte before low temperature measurement 

at Caltech, highlighting deterioration of its performance due to storage and transport. Both JV measurements were 
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done under AM1.5 illumination. JV sweeps measured at (c) AM0 and (d) 0.06×AM0 (approximate fraction of solar 

light reaching Jupiter) illumination as a function of decreasing temperature between 25 and -140 °. No crystal phase 

transition is observed underlining this perovskite composition as the leading material for space application; (e) VOC 

(f) JSC (g) FF (h) power conversion efficiency for samples illuminated at AM0 and 0.06×AM0 as the temperature was 

cycled in the range between 25 and -140 °C four times.   

 

mechanical support for the prototype cells needs to be replaced with more thermally stable material. 

Nevertheless, relatively low loss of power conversion efficiency (about 75 % of its initial value after several 

heating cycles) is a sign of both promising thermal and mechanical performance. 

 

Mixed cation mixed anion solar cells low intensity – low light testing  
The next set of vacuum thermal cycling experiments were performed on mixed cation - mixed anion 

perovskites flexible solar cells (Fig. 6a). Similar to mixed anion perovskite solar cells, these devices exhibit 

some degradation after transport and storage, though to a lesser extent, confirming generally higher 

performance of this perovskite composition (Fig. 6b). One set of thermal cycling was performed under 

high intensity illumination AM0, while another was done under low intensity illumination 0.06×AM0. JV 

sweeps recorder under AM0 illumination show initially good performance that decreases after lowering 

the temperature down to -140 °C (Fig. 6c). As opposed to mixed anion perovskite solar cells, this 

composition does not show any crystal phase transition features in the measured temperature region, 

therefore confirming that it is better suited for low temperature operation [48], [49], [67], [90]. This makes 

mixed cation - mixed anion perovskite solar a better candidate for space applications. When measured 

under 0.06×AM0 and low temperature, conditions resembling those of Jupiters orbit, the cells show 

initially better performance that also decreases when the temperature is brought down to -

140 °C (Fig. 6d). Improved performance under low illumination intensity can be ascribed to improved 

balance between photogeneration and extraction of charge carriers [85]. Eventual decrease in 

performance of these cells under low intensity – low temperature as well as lower current in forward bias 

regime might be due to parasitic energetic barrier at the interface of perovskite active material and 

electron transporting layer. This might be caused by band misalignment or low conductivity of the electron 

transporting layer [49], [85]. As in mixed anion perovskite solar cells, VOC of these samples has a region of 

initial linear increase when the temperature is decreased, followed by saturation and then slow decrease 

(Fig. 6e). It is important to note, that even after the saturation and decrease of VOC, the value at low  
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Figure 7. Maximum power tracking analysis of mixed cation - mixed anion perovskite solar cells. Maximum power 

point tracking was performed under (a) high intensity (AM0) and (b) low intensity light (0.06×AM0) while monitoring 

power conversion efficiency, VMPP, and JMPP. The temperature was cycled in range between 25 and -140 °C for 20 h 

(6.5 cycles). 

 

temperatures is still about the same (AM0, ~920 mV) or even higher (0.06×AM0, ~875 mV) than initial 

value at 25 °C (AM0 ~ 920 mV, 0.06×AM0 ~825 mV). Additionally, VOC saturation point occurs at lower 
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temperatures for the cell measured at 0.06×AM0 (ca. 220 K) when compared to cells measured at AM0 

(ca. 240 K), once again implying better performance of mixed cation - mixed anion perovskites in low 

intensity – low temperature conditions. Using eq. 2, Ea values were extrapolated, showing difference 

~ 0.2 eV difference between Eg (~1.6 eV) and Ea (~ 1.4 eV). Difference in VOC at lower versus higher 

illumination intensities is in line with theoretical predictions and previous reports, where it has been 

shown that VOC decreases with decreasing light intensity in logarithmic manner [80]. JSC remains stable 

down to very low temperatures (Fig. 6f). The temperature at which JSC starts to decrease rapidly, varies 

between high intensity and low intensity light, with samples operating under 0.06×AM0 having stable JSC 

down to ca. -130 °C, and AM0 samples showing rapid decrease in JSC already at ca. - 110 °C. This can be 

explained by smaller number of photogenerated carriers at lower light intensity resulting in better 

extraction of charge carriers and smaller series resistance. As mentioned before, FF slowly deteriorates as 

the temperature decreases, likely due to poor charge transport in PEDOT (p-type) and/or PTCDI (n-type) 

layers cause by carrier freeze out (Fig. 6g). Higher FF values at lower light intensities can also be attributed 

to improved balance between charge carrier generation and extraction. Power conversion efficiency 

remains relatively stable down to -30 °C for AM0 illuminated samples and down to - 50 °C for 0.06×AM0 

samples. Additionally, power conversion efficiency is higher in low light intensity conditions when 

compared to AM0 conditions. Nevertheless, in both situations it is still showing poor performance at very 

low temperatures (Fig. 6h).  

In order to test mixed cation - mixed anion perovskites solar cell within longer time frame, vacuum thermal 

cycling at maximum power point experiment was performed. The temperature was varied between 25 

and -140 °C for both high (Fig. 7a) and low intensity (Fig. 7b) light illumination conditions. Both 

experiments ran for 6 thermal cycles and show that the cells recover well after thermal cycling with 

samples under low intensity light showing a bit larger window of high power conversion efficiency.  

Mixed cation mixed anion solar cell low Earth orbit simulation 
In order to ascertain the performance of mixed cation - mixed anion perovskites solar cells under more 

complex conditions, where both temperature and light conditions change over time, a simplified orbital 

operation simulation was performed. Every space mission is defined by its trajectory and for Earth orbiting 

they are approximately grouped into low Earth orbit (LEO, 300-900 km), mid-Earth orbit (MEO, 

ca. 20000 km), geosynchronous (GEO, ca. 35000 km), and highly elliptical orbit (HEO, 200-1500 km). For 

this simulation low Earth orbit trajectory was chosen due to its relatively short orbital period (ca. 130 min) 

and the fact that majority of satellites are currently residing in it. The orbit simulation in this study involves  
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Figure 8. Low Earth orbit simulation experiment. (a) Temperature variations experienced by different solar cell 

coupons during the second Forward Technology Solar Cell Experiment (FTSCE) [between November 30, 2009 and 

May 29, 2010] on board of International Space Station [91]. Differently colored lines refer to different solar power 

modules located on the array. (b) Temperature profile of Roll-Out Solar Array (ROSA) during on-orbit validation [52]. 

(c) Maximum power point tracking performance of mixed cation - mixed anion perovskite solar cell under simulated 

low Earth orbit conditions. Gray areas signify the period during which the solar simulator (AM0) was turned off 

(“satellite nigh”) and kept under short circuit conditions. (d) Four hours highlight of low Earth orbit simulation, 
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showing power conversion efficiency as a function of temperature and illumination. (e) Maximum power point 

current density during an example “satellite night” of the low Earth orbit simulation cycle showing no significant 

difference in temperature range between 0 and -100 °C. 

 

temperature cycling with periodic light illumination. Using data available from previous missions that 

focused on performance of photovoltaic technology in space, it was possible to estimate conditions a solar 

cell might experience in low Earth orbit. The second Forward Technology Solar Cell Experiment (FTSCE) 

focused on testing a number of different thin film photovoltaic technologies (multijunction solar cells, 

amorphous Si, CIGS) on board of International Space Station as a part of Materials on the International 

Space Station Experiment 7 (MISSE7) [91]. Thermal environment data was reported, showing that the 

devices can experience temperatures in range between -100 and 80 °C depending on solar exposure and 

thermal contact with the cell (Fig. 8a). Based on results available Roll-Out Space Array (ROSA) testing on 

International Space Station, typical exposure to Sun would be around 60 min and the eclipse (dark period) 

would last for about 30 min (Fig. 8b). Considering information from past missions, previous thermal tests 

of perovskite solar cells in this study, and limitations of the experimental set-up, a simulated low Earth 

orbit test profile was designed. Maximum temperature was set to 65 °C, minimum temperature was set 

to -100 °C, “satellite day” lasted for about 90 min (0 - 65 - 0 °C), and “satellite night” for about 90 min (0- 

-100°C - -0 °C). During the “satellite day” the cell was kept under maximum power point tracking 

conditions and during “satellite night” it was kept under short circuit conditions. Power conversion 

efficiency of the cell after 6.5 low Earth orbit day-night cycles maintains 90 % of its original value (Fig. 8c). 

In general, this is a promising result, that will require further investigation to clarify if additional day - night 

cycles will cause further degradation of cells performance or if these devices will settle at a steady, but 

lower-than-initial, value. Upon closer examination, it appears that the cell has its best performance at 

around 35 to 40 °C and has about 95 % of its initial value at 65 °C. Prompt recovery was observed when 

the temperature of the cell started to decrease again (Fig. 8d). As mentioned before, during the “satellite 

night” phase of the simulation the cell was kept under short circuit conditions. It appears that dark short 

circuit current does not change significantly regardless of temperature variation (Fig. 8e). During post-test 

examination small amounts of supporting frame deformation was observed, similar to high temperature 

test done on mixed anion perovskite solar cells. In this case, it did not cause any electrical contact issues, 

but further supports the case of mechanical resilience of ultra lightweight perovskite solar cells.  
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Conclusions and Outlook  
This three-months research visit resulted in first-of-its-kind space environment examination of 

performance and stability of flexible ultra lightweight perovskite solar cells. Devices were fabricated using 

two compositions of perovskite absorber (mixed anion and mixed cation – mixed anion perovskite) and 

were tested at high vacuum and range of temperatures between -140 and 80 °C. Mixed anion devices, in 

addition to more pronounced degradation during transport and storage, showed abrupt decrease in 

performance due to crystal phase transition of this active material composition at low temperatures. 

Nevertheless, the change appears to be reversible and the cells operated successfully after 9 thermal 

cycles over the period of 18 h. Additionally, a short examination of high temperature performance of 

mixed anion perovskite solar cells was done, suggesting that 65-70 °C might be the maximum temperature 

at which these cells can operate with no severe damage. The study of the better performing mixed cation 

– mixed anion perovskite ultra lightweight solar cells that mimicked low intensity – low temperature 

conditions showed good performance with no abrupt changes at low temperature. Nonetheless, at 

temperatures below - 70 °C these devices show worse performance, most likely due to charge carrier 

freeze out. All the changes to the cells’ operation were also reversible when the temperature was raised 

again and they maintained their performance for 18 h over 6 thermal cycles. Interestingly, mixed cation – 

mixed anion perovskite solar cells also showed better performance at low intensity conditions. Further 

testing under simulated low Earth orbit conditions showed good performance for about 18 to 20 h with 

only very little decrease in efficiency. Overall this is a promising outcome, demonstrating potential use of 

ultra lightweight perovskites in the field of aerospace. 

Moving forward, we plan to not only perform further tests on these solar cells but also work on improving 

their architecture in order to address some of the performance issues at low temperatures. One of the 

first tests to come will be radiation testing, that was planned for this visit but was unfortunately postponed 

due scheduling issues. Other tests will include increased number of day-night cycles in simulated low Earth 

orbit conditions, and external quantum efficiency (EQE) measurements under low intensity – low light 

conditions at dedicated equipment of Jet Propulsion Laboratory managed California Institute of 

Technology. In order to address reduced performance under low intensity – low light conditions we plan 

to focus our further research on charge carrier and interface engineering, choosing electron and hole 

transporting layers that are better suited for this range of temperatures. Additionally, we plan to optimize 

perovskite formulations in order to reduce degradation during transportation and storage. From an 

engineering standpoint, the underlying mechanical and electrical challenges will also need to be resolved 

to intimately integrate these devices into arrays and deployable structures.  
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This study together with other examples in literature provides a strong case for perovskite solar cells in 

ultra lightweight format in aerospace application. Furthermore, successful outcomes from these efforts 

will benefit not only aerospace technology, but also a number of other fields such as robotics, 

environmental monitoring, agriculture, search and rescue missions, wearables for medical, sport and 

leisure applications. These opportunities for improvement and broad merit to numerous branches of 

science provide powerful motivation to further investigate the field of ultra lightweight perovskite solar 

cells and continue this collaboration between JKU and Caltech. 
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