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ABSTRACT

Perovskite solar cells with high power-per-weight have great potential to be used for aerospace
applications such as satellites or high-altitude pseudo-satellites. These latter are unmanned
aircrafts exclusively powered by solar energy, typically flying in the stratosphere where conditions
of pressure, temperature and illumination are critically different than on earth surface. In this work,
we evaluate the performance and stability of high efficiency perovskite solar cells under mimic
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stratospheric environment. In-situ measurements at controlled conditions of pressure, temperature
and illumination were developed. We show that the cells can operate efficiently in a large range
of temperatures from -50°C to +20°C, with a maximum power conversion efficiency at -20°C,
which is ideal for use in the stratosphere. Besides, performances are maintained after a number of
temperature cycles down to -85°C, representative of temperature variations due to diurnal cycles.
An efficient encapsulation is developed, which could be critical to avoid the accelerated
degradation of the cells under vacuum. Finally, a promising stability for 25 days of day-night
cycles was demonstrated, which suggests that perovskite solar cells could be used to power high
altitude pseudo-satellites.
Introduction
Perovskite solar cells (PSCs) represent a major breakthrough in the field of photovoltaics (PV) due
to their rapid progress in power conversion efficiency (PCE) and potentially low manufacturing
costs[1]. One key advantage of PSCs is that they can be fully printed at low temperature on lightweight flexible substrates[2][3][4]. Recently, PSCs with power-per-weight as high as 23 W.g−1
has been demonstrated by using ultra-thin 1.4-µm-thick PET foils as a substrate[5]. This high
specific power (power-per-weight) makes perovskite PV very attractive to be used in future
aerospace applications such as High-Altitude Pseudo-Satellite (HAPS). HAPS are unmanned
airship, plane or balloon flying in the stratosphere, operating like satellites but closer to the earth.
Target applications include search and rescue missions, disaster relief, environmental monitoring
and agriculture[6]. HAPS are powered exclusively by solar energy and are able to continuously
fly for months. Solar panels integrated onto the wings and body directly power the aircraft engines
and instrumentation, while secondary batteries charged in daylight power overnight flight.
It is well known that perovskite solar cells have intrinsic material instability at high temperature[7]
and are vulnerable to environmental conditions such as UV light[8], humidity[9] and oxygen[10].
Perovskite degradation mechanisms on earth surface have already been extensively investigated,
which resulted in significant improvements in stability of perovskite solar devices in the last few
years[11]. More recently, these systems have also demonstrated excellent radiation hardness to
high-energy particles making them promising for space applications[12][13].
Here, we specifically address the stability of high efficiency triple cation perovskite solar cells for
HAPS. HAPS such as Airbus Zephyr typically operate in the stratosphere, above clouds and
conventional air traffic. In this environment, moisture degradation can be mitigated as the
stratosphere is extremely dry. However, other environmental conditions specifically found at these
altitudes could be detrimental to PSCs and reduce their lifetime. The cells temperature during the
day can vary between -20°C to +10°C on average, while the temperature at night can be as low as
-85°C. Besides, the pressure in the stratosphere varies between 1 and 250 mbar, much lower than
the average sea-level pressure of 1013.25 mbar. However, the impact of vacuum on PSCs
performance and stability has been mostly unexplored. Then, the solar spectrum at high altitude is
analogous to AM0 spectrum found in outer space, approximated by the 5800 K blackbody (1349
W.m-2 at an altitude of 32 km vs. 1366.1 W.m-2 for AM0)[14]. AM0 solar spectrum contains a
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significantly higher level of UV radiations, potentially harmful to the cell’s performance. In 2018,
stratospheric mission OSCAR studied organic-based solar cell operation in extra-terrestrial
conditions by launching a weather balloon with organic and perovskite solar cells in the
stratosphere for 3 h[14][15]. The perovskite cells underwent quite a severe drop from 14.1% to
9.3% PCE after the 3 h flight. However, the cells didn’t use state-of-the-art materials (MAPbI3
was used as an active layer and TiO2 as an electron transport layer). Besides, the flight duration
was rather short and didn’t allow for day/night cycles measurement. The authors stressed that
prolonged operation could pose significant problems to the devices, however the scarcity of data
and intrinsic limitations of this type of real time monitoring do not provide this information.
In this work, by using in-situ measurements in controlled environment, we were able to determine
the stability and suitability of high-efficiency PSCs in stratospheric conditions. PSCs were first
characterized under AM0 spectrum, i.e. without parasitic absorption from the earth’s atmosphere.
Then, the performance of PSCs submitted to temperature variations typically found at high altitude
under illumination and in the dark were measured. The effect of vacuum was also investigated,
and a simple and efficient encapsulation strategy was demonstrated. Finally, the dynamics of
degradation with day-night cycles over the course of 25 days was evaluated. We show that PSCs
could power HAPS for days without major degradation in cells performance.
Materials and methods
1.1 Perovskite solar cell fabrication and testing
15 Ω.□-1 ITO/glass substrates (Lumtec) were sequentially cleaned with detergent in DI water,
acetone, and isopropyl alcohol in an ultrasonic bath. Subsequently, they were dried with N2 and
exposed to O2 plasma for 10 min. A planar layer of SnO2 (15% colloidal dispersion in H2O, Alfa
Aesar, diluted in deionized water at 1:6.5 volume ratio) with thickness of ~25 nm was subsequently
deposited via spin coating at a spin speed of 3000 rpm and an acceleration 3000 rpm for 30 s. This
was followed by sintering the substrates at 150°C for 30 min. A triple cation perovskite films were
deposited in a N2 atmosphere using single-step deposition method from the precursor solution
containing FAI (172 mg) (Dyesol), PbI2 (507 mg) (TCI), MABr (22 mg) (Dyesol) and PbBr2 (73
mg) (TCI) in anhydrous N,N-Dimethylformamide (99.8%, Sigma-Aldrich)/dimethylsulphoxide
(99.7%, Sigma-Aldrich) (8:2 (v:v)). Thereafter, 53 μL of CsI (99.999% trace metal, SigmaAldrich), (390 mg, 1 ml DMSO) was added to the precursor solution. The precursor solution was
spin-coated onto the planar SnO2 films in a two-step program at 1000 and 6000 rpm. for 10 and
20 s, respectively. During the second step, 300 μl of chlorobenzene (99.9%) was dropped on the
spinning substrate 5 s prior to the end of the program. This was followed by annealing the films at
100°C for 1 hour. To complete the fabrication of devices, 2,2’,7,7’-tetrakis(N,N-di-pmethoxyphenylamine)-9,9-spirobifluorene (Spiro-OMeTAD, 90 mg in chlorobenzene) as a holetransporting material (HTM) was deposited by spin coating 100 μL of the prepared solution at
4000 rpm for 20 s. The Spiro-OMeTAD (Sigma-Aldrich) was doped with
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Bis(trifluoromethane)sulfonimide lithium salt (99.95%, Sigma-Aldrich) dissolved in acetonitrile
(520
mg/ml),
Tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)
Tris(bis(trifluoromethylsulfonyl)imide) (FK 209, from Dyenamo) and 4-tert-Butylpyridine (96%,
Sigma-Aldrich) with concentrations of 34 μL, 10 μL and 19 μL respectively. Finally, device
fabrication was completed by thermally evaporating gold wire (99.9% 1mm, Kurt J.Lesker) to
form a ~70 nm gold layer as a back contact.
Perovskite solar cells were characterized under mimic HAPS environment, as described in figure
S1. The cells were kept in a measurement chamber (Linkam Scientific) which allowed to control
the temperature (from -196°C to 350°C) and pressure (down to 10-3 mbar). Typically, the cells
were measured at 10 mbar and 0°C. The chamber was positioned below a solar simulator using a
450 W xenon lamp (Sol3A Class AAA Solar Simulator, Oriel, USA). The current-voltage (J-V)
characteristics of the perovskite devices were recorded with a digital source meter (Keithley model
2400, USA). Both forward and reverse bias scans were taken from 1.2 to -0.1 V with a sweep
interval of 0.015 V, resulting in 81 data points respectively. The Air Mass Zero J-V characteristics
follow the same experiment set-up and measurement parameters as AM1.5G. However, the
AM1.5G filter was replaced with an AM0 filter. Alongside this replacement, the lamp was
calibrated by integrating the measured EQE Jsc and matching the pixel Jsc under the AM0 spectrum
with this value. EQE spectra were obtained by QEX10 Quantum Efficiency Measurement System.
For long-term measurements (>10 h) with day-night cycles, PSCs were positioned below a LEDs
matrix. The intensity of the LEDs was adjusted to one-sun equivalent so that the initial Jsc of the
devices measured in the chamber were matched with the Jsc measured under one-sun illumination.
The LEDs were programmed to stay on for 16 h and off for 8 h. For these measurements, the cells
were exposed to air at 1 bar and kept at ⁓20°C. A source-meter unit was used to measure forward
and reverse J-V curves every 15 min. The cells were kept at open circuit between measurements.
Results and Discussion
1. Performance of perovskite solar cells under AM1.5G and AM0 illumination
In this work, PSCs with active areas of 0.15 cm2 and structure
glass/ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/Spiro-OMeTAD/Au
were
entirely
fabricated at low temperature (<150°C). SnO2 nanoparticles were used as an electron transport
layer (ETL) instead of TiO2 as they can be printed and dried at low temperature, and were shown
to be more transparent and resistant to UV radiations as compared to TiO2 ETL[8]. Besides, a
triple-cation perovskite based on composition Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 was used for
its better thermal stability and higher overall PCE as compared to MAPbI3[16]. The external
quantum efficiency (EQE) for this cell is shown in figure 1(a), along with the AM1.5G and AM0
solar spectra. The response in UV-blue region is excellent with a sharp EQE edge at 300 nm. The
transmittance spectrum of glass/ITO substrates is also shown. The transmittance edge overlaps
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almost perfectly the EQE edge, which indicates that the EQE in the UV region is only limited by
ITO absorption, without any parasitic absorption in the SnO2 ETL. This is particularly important
for PSCs operating under AM0 illumination as spectral irradiance in the UV range is significantly
higher than under AM1.5G illumination. This allows to harness more sunlight and increase overall
efficiency as compared to less transparent TiO2 ETL[17].
From the EQE spectrum, the Jsc of the cell under AM1.5G and AM0 illumination was calculated
by integrating the area under the curve. Our solar simulator was then fitted with an AM0 filter and
the lamp intensity was calibrated with the EQE-calculated AM0 Jsc (as described in [18]). The
AM1.5G and AM0 current-voltage curves measured at room temperature are shown in figure 1(b).
The champion cell yielded an AM1.5G PCE of 18.4% and AM0 PCE of 16.9%. The efficiency
difference under AM1.5G and AM0 illumination is expected for this perovskite composition.
Indeed, for a single junction cell with a bandgap of ⁓1.6 eV, the AM1.5G efficiency theoretical
limit is ⁓30.5%, while the AM0 limit is ⁓28%[19]. The theoretical ratio AM1.5G PCE/AM0 PCE
= 1.09 is in perfect agreement with our results. Despite the lower AM0 PCE, the higher irradiance
of AM0 spectrum in the UV and visible range allow for an increased output power, with a
maximum power density of 18.4 mW.cm-2 and 22.8 mW.cm-2 under AM1.5G and AM0
illumination, respectively.
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Figure 1. (a) External quantum efficiency of perovskite solar cell based on structure
glass/ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/Spiro-OMeTAD/Au and transmittance of glass/ITO substrates.
Air mass 1.5 global (AM1.5G) and air mass zero (AM0) solar spectral irradiance are shown in red and blue lines,
respectively. (b) Current-voltage curves for perovskite solar cells measured under AM1.5G and AM0 illumination.

2. Temperature variations
Usually, PSCs performance and behavior are routinely investigated at room temperature or at
high temperature to mimic operating conditions in harsh environments such as desert regions[7].
However, for HAPS the temperature range is critically different. Once HAPS have reached the
stratosphere and are flying steadily, they are exposed to temperature variations as illustrated in
figure S2. At night, the cells temperature can drop down to -86°C, but during the day the cells
temperature can reach 30°C in the extreme case. On average, the cells temperature during the day
is between -20°C and +10°C. Besides, during their ascent they must cross the tropopause at ⁓10
km, the second coldest local minimum in Earth’s atmosphere with an air temperature of -50°C. It
is known that temperature can have significant effects on the crystal structure, phase transition and
degradation of perovskite, as well as electronic properties and stability of interlayers. Several
authors have studied the effect of temperature variations on the performance of PSCs using
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methylammonium lead iodide (MAPbI3) as an active layer[20][21][22]. They have come to a
consensus that the cells perform best at room temperature, while the performance drop at higher
or lower temperatures, which was explained by limitations in the transport and extraction of charge
carriers. Triple cation perovskite compounds such as Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 have
shown dramatically different optical and structural properties than MAPbI3 at low and high
temperatures, such as the absence of phase transition from orthorombic to tetragonal phase at low
temperature. However, to our knowledge there is no report of the effect of temperature on the
performance of full PSCs based on triple cation perovskite.
The PV parameters for PSCs with Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 active layer measured
between +20°C and -70°C under AM0 illumination and vacuum (10 mbar) are shown in figure 2
(The PV parameters and the statistical data under AM1.5G are available in Figure S3 and Figure
S4). These conditions of temperature, light and pressure are representative of stratospheric
environment. The fill factor (FF) stays relatively constant from 20°C to -40°C, but then rapidly
decreases down to -70°C. By looking into the changes in the series resistance (RS) and the shunt
resistance (RSh) at different temperature (see Figure S5), we found that there is a considerable
increase in the RS when the temperature goes below c.a. -30°C which correlates well with the rapid
drop in the FF. The change in FF is probably due to changes of charge carrier dynamic at lower
operating temperature. In particular, it could be decreases in mobility of the charge extraction
layers. The Voc increases with decreasing temperatures, from 1.13 V at 20°C to almost 1.17 V at 40°C, which is in good agreement with other works and can be explained by the reduction of traps
density in the perovskite bulk or at interfaces at low temperatures[23]. Then, the Voc slightly
decreases below -40°C. This is consistent with the variations in perovskite bandgap, which is rather
constant from +20°C to -40°C but then continuously decreases at temperatures below -40°C, as
measured by Hetterich et al. for triple cation perovskite[24]. However, we note that this change is
minor and the Voc remains higher at -70°C (1.15 V) than at room temperature (1.13 V). Finally,
the Jsc is rather constant over the whole temperature range, implying that the perovskite does not
undergo a phase transition down to -70°C[24]. Overall, the PCE slightly increases at temperatures
below 20°C, reaching a local maximum of 18.2% AM0 PCE at -20°C, before decreasing because
of the drop in FF at lower temperature. Hence, differently to MAPbI3, the triple cation perovskites
with composition Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 perform better at temperatures between
0°C and -40°C than at room temperature. This is mainly because the fill factor stays constant in
this range of temperature, whereas in the case of MAPbI3 the FF starts to fall as soon as the
temperature is decreased below 20°C[20][21][22].
At -50°C the cells still have a high PCE of 17.2%, which indicates that PSCs can operate very
efficiently in the tropopause. Besides, at -70°C and -60°C, PSCs are still operating with relatively
high PCEs of 13.2% and 15.7%, respectively. This is particularly important as the stratospheric air
temperature at dawn and dusk can be much lower than at noon, as shown in figure S2. It means
that PSCs can harvest solar energy during the entire day, from dawn to dusk, which is particularly
important to mitigate the use of HAPS batteries. These measurements reveal that perovskite solar
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cells with a triple cation perovskite active layer can have very high PCE in the stratosphere, which
range of temperature is ideal for maximizing PSCs performance. It also suggests that record PCEs
achieved in the literature with triple cation perovskites, usually measured at 25°C, could be even
higher at low temperatures. However, in the case of optimized devices with passivated interfaces
and lower trap density, the improvement in PCE at low temperature could be reduced.

Figure 2. PV parameters (fill factor, Voc, Jsc and PCE) of perovskite solar cells measured between -70°C and +20°C
under constant AM0 illumination and vacuum (10 mbar).

Then, PSCs were submitted to thermal cycles between 20°C and -85°C in the dark to simulate the
temperature variations during day and night, and evaluate the effect on the mechanical and physical
properties of the cells. A perovskite solar cell stack has multiple interfaces that could lead to
mechanical failure during temperature cycling because of the different thermal expansion
coefficients of the embedded layers[25]. J-V curves were measured at 20°C under AM1.5G
illumination before and after 1, 6, 11 and 16 temperature cycles. To rule out the effect of light, the
cells were kept in the dark during the temperature ramps (20°C.min-1). In figure 3, it is observed
that PSCs retained 100% of their initial performance after 16 temperature cycles. We note that
these cells were measured under vacuum at 10 mbar and with an encapsulation composed of
polyimide/epoxy/glass (as described later). This means that the encapsulation materials used here
also enable mechanical stability against these large temperature variations. McGehee et al.
demonstrated that an encapsulant with a low elastic modulus enables to dissipate strain more
efficiently and results in much higher mechanical stability[25]. Similarly, it is thought that the
polyimide foil used here between the perovskite cell and the epoxy is able to release strain during
these temperature variations and enables high operational stability of the cell. Hence, polyimide
could be used as a simple technique to avoid fractures and delamination at the interface between
the cell and the encapsulant.
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Figure 3. AM1.5G Power conversion efficiency (PCE) of perovskite solar cell after 1, 6, 11 and 16 thermal cycles
between 20°C and -85°C in the dark at 10 mbar. The red symbols indicate the PCE measured at 20°C and the black
line indicates the temperature.

3. Effect of low pressure
Next, we investigate the effect of vacuum on the performance and stability of the cells. In 2018,
Q. Bao et al. have shown that triple cation PSCs undergo severe degradation under white light in
ultrahigh vacuum (UHV) environment[26]. It was suggested that the MA cation decomposes into
gaseous NH3 and HX (X = halogen, I, Br), with the formation of the highly volatile component
CH3NH3X as the intermediate step of the degradation, which are pumped away in UHV conditions,
eventually causing permanent degradation of the cell. These measurements were only performed
on perovskite films directly exposed to vacuum, without interlayers, metallic electrode, nor
encapsulation, at base pressure of 1 x 10-8 torr (⁓1.3 x 10-8 mbar). Hence, gaseous products could
easily and quickly be lost outside the film. However, these degradation processes may be
kinematically limited in a full device stack or in a well-sealed device when the volatile components
in the reaction are not allowed to escape as easily as in vacuum.
To address this issue, we developed a simple encapsulation method based on a
polyimide/epoxy/glass stack. A drawing of the cell’s stack and encapsulation is shown in figure
4(a). It was noticed that the active materials undergo a chemical reaction with the epoxy, wherever
the polyimide foil was not applied and the perovskite became transparent after a few days in
dark/N2, as seen in figure 4(b). However, the area covered with polyimide remained dark,
suggesting that the perovskite was preserved. It demonstrates that polyimide can be used as a
simple barrier layer to avoid any chemical reaction with the epoxy glue. Using this encapsulation
method, we were able to store PSCs in dark air (⁓20°C, ⁓30% relative humidity) for > 6 months
without any loss of performance.
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To evaluate the photostability of cells under vacuum, encapsulated and non-encapsulated cells
were exposed to 1 sun of AM0 illumination at mild vacuum of 10 mbar (specific of HAPS
environment) and controlled temperature of 0°C. (The AM1.5G version is available in the Figure
S6) In figure 4(c), the AM0 PCE of the encapsulated cell drops from 18.3% to 15% after 5 h of
illumination. However, when the lamp is turned off the cell quickly recovers to ⁓95% of its initial
PCE after ⁓1 h in the dark, before degrading again under illumination, with similar kinetics as the
first illumination cycle. Quite surprisingly, the non-encapsulated cell shows a similar behavior,
with similar degradation rate under AM0 illumination and recovery during the dark period. The
only difference is that the Voc seems to randomly jump from ⁓1.13 V to ⁓1.16 V (see Figure S2)
for the non-encapsulated sample, which is not clearly understood but cannot be directly attributed
to the absence of encapsulation. We think that the gold electrode itself (and potentially the Spiro
layer) can act as an encapsulation, to some extent, and prevent the loss of volatile degradation
products from the cell stack during the first hours of illumination. Once the light is turned off,
these degradation products can react back to re-form the active perovskite phase, which explains
the recovery of the cell in the dark. This “self-healing” mechanism is only possible because no
compound is lost outside the device stack. However, for longer stability studies, the vacuum could
accelerate the permanent degradation of non-encapsulated PSCs as the gold contact cannot provide
an efficient sealing, which makes the use of an efficient encapsulation like the one described here
necessary. At this stage, it was not possible to perform long-term measurements (> 10 h) under
vacuum and controlled temperature to directly address the effect of encapsulation on the long-term
stability of the cells under vacuum, which will be the scope of future work.
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Figure 4. (a) Schematic of perovskite solar cell architecture with polyimide/epoxy/glass encapsulation. (b) Pictures
of perovskite cell viewed from substrate and encapsulation side after storage in dark/N2. (c) Stability of encapsulated
and non-encapsulated devices at 10 mbar and 25°C under AM1.5G illumination.

4. Day/night cycles and long-term performance
In stratosphere, HAPS experience natural sunlight’s diurnal cycle similar to earth surface, with
periods of 24 h (periods can be much shorter for satellites). Only a few works have studied the
long-term stability of perovskite solar cells over day/night phases. During the day, ie. under
illumination, ionic defects migration induced by electric field is known to deteriorate the device
performances after only several hours[27]. However, during the night, full recovery of efficiency
can be observed for cells at early degradation stages (< 20% loss in PCE) [28]. This behavior can
be explained by a cyclic ion movement mechanism : under illumination, ionic species migrate
toward the electrode interfaces where they accumulate. These reactive species have been found to
rupture the crystal structure of perovskite materials and adjacent functional layers, potentially
resulting in serious degradation of device performance [29]. However, the crystal structure can be
fully or partially recovered in the dark when ionic species move back to the perovskite bulk and
fill the vacancies created during the day. For more advanced degradation stage under illumination
(>20% loss), the initial PCE could not be fully recovered in the dark and in this case, a slow and
permanent degradation is observed after several day-night cycles [28]. This is explained by nonreversible degradation processes which also occur because of ion migration (such as electrode
degradation when iodide ions react with Ag), and potentially other degradation factors.
To measure the long-term stability of PSCs in conditions as close to real HAPS operation in
stratosphere, we subjected PSCs to day/night cycles, where the cells were continuously soaked
with 1 sun of LEDs lighting for 16 h and then kept in the dark for 8 h. The performances were
monitored over the course of 25 days by acquiring J-V scans every hour as shown in figure 5. A
typical PCE dynamics of “degradation during the day – recovery during the night”, referred as
“type I” diurnal behavior by Katz et al. can be observed[28]. The cells PCE drops relatively quickly
under illumination for the first 5 h, before stabilizing at around 80% of the initial PCE. On the
contrary to Katz et al. who showed that the decrease of the PSC parameters during the day was
only partially compensated for by nighttime recovery, eventually leading to a PCE reduced by
more than 50% after 8 days, our PSCs show a different behavior and retain close to 80% of their
initial efficiency even after 25 days. This could be ascribed to the faster recovery process in the
dark (60 to 90 min). Hence, the dark duration (8 h) is sufficient for the cell to recover entirely
before the PCE drops again under illumination. If we consider that the initial decay is due to
reversible mechanisms such as ion migration and might not account for the long-term degradation
of the device, we can introduce the “stabilized” PCE defined as the PCE after 12 h of illumination
(see inset of figure 5(a)). In this case, the device retains 95% of its “stabilized” efficiency after 25
days. It demonstrates that PSCs could be used in stratospheric environment for days, without major
loss in performance due to sunlight diurnal cycles. It is however unknown how UV light would
affect the materials properties since PSCs are measured under UV-free LED lighting during these
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day-night cycles. However, recent measurements have suggested that UV-A (360-380 nm band)
don’t induce any performance degradation when using SnO2 as an ETL[8]. Besides, any potential
UV-induced degradation could be addressed relatively easily by using a UV filter or downconversion materials.

Figure 5. Normalized power conversion efficiency obtained during days/nights cycles (16 h illumination/8 h dark) of
perovskite solar cells under 1 sun of LEDs illumination (atm. pressure, ⁓20°C) for 25 days.

Conclusions
In summary, the performance and stability of perovskite solar cells used in stratospheric
environment to power HAPS or unmanned aerial vehicles have been evaluated by in-situ studies
in a mimic stratospheric environment. This work shows that the PSCs based on a triple cation
perovskite can operate in a large range of temperature from -70°C to +20°C, with a maximum PCE
at -20°C, which is ideal to operate in HAPS environment. Besides, the performances are
maintained after temperature cycles down to -85°C, which can be reached during nighttime. A
simple encapsulation strategy based on polyimide/epoxy/glass stack has been developed to
mitigate the photodegradation of the cells under vacuum and to allow for the recovery of efficiency
in the dark. The kinetics of degradation during day-night cycles has been monitored and indicates
that the cells retain ⁓80% of their initial efficiency after 25 days. The present results demonstrate
that PSCs have great potential to be used for high-altitude pseudo-satellites. The next step toward
this goal will be to achieve light-weight PSCs with high specific power and high stability in the
harsh stratospheric environment. Besides, these results demonstrate that PSCs could perform
remarkably well in polar regions or during wintertime in temperate regions of the earth, where the
temperature can drop well below zero degree Celsius.

Conflicts of interest

12

There are no conflicts to declare.

ACKNOWLEDGMENT
We would like to thank Airbus Endeavr Wales for its financial support and Airbus technology for
their contribution and support. The authors also acknowledge to the Ser Cymru funding from the
Welsh Assembly Government (Ser Solar), and the SPECIFIC Innovation and Knowledge Centre
(EP/N020863/1)

funding.

MC

and

AP

would

like

to

thank EPSRC

(EP/R032750/1, EP/S017925/1 ), and the Welsh European Funding Office (SPARC II).
REFERENCES
[1]

Green MA, Ho-Baillie A. Perovskite Solar Cells: The Birth of a New Era in Photovoltaics.
ACS Energy Lett 2017;2:822–30. https://doi.org/10.1021/acsenergylett.7b00137.

[2]

De Rossi F, Baker JA, Beynon D, Hooper KEA, Meroni SMP, Williams D, et al. All
Printable Perovskite Solar Modules with 198 cm2Active Area and Over 6% Efficiency. Adv
Mater Technol 2018;1800156:1–9. https://doi.org/10.1002/admt.201800156.

[3]

Tao C, Neutzner S, Colella L, Marras S, Srimath Kandada AR, Gandini M, et al. 17.6%
Stabilized Efficiency in Low-Temperature Processed Planar Perovskite Solar Cells. Energy
Environ Sci 2015;8:2365–70. https://doi.org/10.1039/c5ee01720c.

[4]

Feng J, Zhu X, Yang Z, Zhang X, Niu J, Wang Z, et al. Record Efficiency Stable Flexible
Perovskite Solar Cell Using Effective Additive Assistant Strategy. Adv Mater 2018;30:1–
9. https://doi.org/10.1002/adma.201801418.

[5]

Kaltenbrunner M, Adam G, Głowacki ED, Drack M, Schwödiauer R, Leonat L, et al.
Flexible high power-per-weight perovskite solar cells with chromium oxide-metal contacts
for improved stability in air. Nat Mater 2015;14:1032–9. https://doi.org/10.1038/nmat4388.

13

[6]

European Space Agency website n.d.

[7]

Sheikh AD, Munir R, Haque MA, Bera A, Hu W, Shaikh P, et al. Effects of High
Temperature and Thermal Cycling on the Performance of Perovskite Solar Cells:
Acceleration of Charge Recombination and Deterioration of Charge Extraction. ACS Appl
Mater Interfaces 2017;9:35018–29. https://doi.org/10.1021/acsami.7b11250.

[8]

Farooq A, Hossain IM, Moghadamzadeh S, Schwenzer JA, Abzieher T, Richards BS, et al.
Spectral Dependence of Degradation under Ultraviolet Light in Perovskite Solar Cells. ACS
Appl Mater Interfaces 2018;10:acsami.8b03024. https://doi.org/10.1021/acsami.8b03024.

[9]

Song Z, Abate A, Watthage SC, Liyanage GK, Phillips AB, Steiner U, et al. Perovskite
Solar Cell Stability in Humid Air: Partially Reversible Phase Transitions in the PbI2CH3NH3I-H2O

System.

Adv

Energy

Mater

2016;6:1–7.

https://doi.org/10.1002/aenm.201600846.
[10] Aristidou N, Eames C, Sanchez-molina I, Bu X, Kosco J, Islam MS, et al. Fast oxygen
diffusion and iodide defects mediate oxygen-induced degradation of perovskite solar cells.
Nat Commun 2017;8:1–10. https://doi.org/10.1038/ncomms15218.
[11] Wang R, Mujahid M, Duan Y, Wang ZK, Xue J, Yang Y. A Review of Perovskites Solar
Cell

Stability.

Adv

Funct

Mater

2019;1808843:1–25.

https://doi.org/10.1002/adfm.201808843.
[12] Miyazawa Y, Ikegami M, Chen H-W, Ohshima T, Imaizumi M, Hirose K, et al. Tolerance
of Perovskite Solar Cell to High-Energy Particle Irradiations in Space Environment.
IScience 2018;2:148–55. https://doi.org/10.1016/j.isci.2018.03.020.
[13] Lang F, Jošt M, Bundesmann J, Denker A, Albrecht S, Landi G, et al. Efficient Minority
Carrier Detrapping mediating the Radiation Hardness of Triple-Cation Perovskite Solar

14

Cells

under

Proton

Irradiation.

Energy

Environ

Sci

2019:0–32.

https://doi.org/10.1039/C9EE00077A.
[14] Cardinaletti I, Vangerven T, Nagels S, Cornelissen R, Schreurs D, Hruby J, et al. Organic
and perovskite solar cells for space applications. Sol Energy Mater Sol Cells 2018;182:121–
7. https://doi.org/10.1016/j.solmat.2018.03.024.
[15] Schreurs D, Nagels S, Cardinaletti I, Vangerven T, Cornelissen R, Vodnik J, et al.
Methodology of the first combined in-flight and ex situ stability assessment of organicbased

solar

cells

for

space

applications.

J

Mater

Res

2018;33:1841–52.

https://doi.org/10.1557/jmr.2018.156.
[16] Saliba M, Matsui T, Seo J-Y, Domanski K, Correa-Baena J-P, Nazeeruddin MK, et al.
Cesium-containing triple cation perovskite solar cells: improved stability, reproducibility
and

high

efficiency.

Energy

Environ

Sci

2016;9:1989–97.

https://doi.org/10.1039/C5EE03874J.
[17] Barbé J, Tietze ML, Neophytou M, Murali B, Alarousu E, Labban A El, et al. Amorphous
Tin Oxide as a Low-Temperature-Processed Electron-Transport Layer for Organic and
Hybrid Perovskite Solar Cells. ACS Appl Mater Interfaces 2017;9:11828–36.
https://doi.org/10.1021/acsami.6b13675.
[18] Lamb DA, Irvine SJC, Clayton AJ, Kartopu G, Barrioz V, Hodgson SD, et al.
Characterization of MOCVD Thin-Film CdTe Photovoltaics on Space-Qualified Cover
Glass.

IEEE

J

Photovoltaics

2016;6:557–61.

https://doi.org/10.1109/JPHOTOV.2016.2520199.
[19] Martin A. Green. Limiting photovoltaic efficiency under new ASTM International G173based reference spectra. Prog Photovoltaics 2012;20:954–9. https://doi.org/10.1002/pip.

15

[20] Jacobsson TJ, Tress W, Correa-Baena JP, Edvinsson T, Hagfeldt A. Room Temperature as
a Goldilocks Environment for CH3NH3PbI3 Perovskite Solar Cells: The Importance of
Temperature

on

Device

Performance.

J

Phys

Chem

C

2016;120:11382–93.

https://doi.org/10.1021/acs.jpcc.6b02858.
[21] Cojocaru L, Uchida S, Sanehira Y, Gonzalez-Pedro V, Bisquert J, Nakazaki J, et al.
Temperature Effects on the Photovoltaic Performance of Planar Structure Perovskite Solar
Cells. Chem Lett 2015;44:1557–9. https://doi.org/10.1246/cl.150781.
[22] Zhang H, Qiao X, Shen Y, Moehl T, Zakeeruddin SM, Grätzel M, et al. Photovoltaic
behaviour of lead methylammonium triiodide perovskite solar cells down to 80 K. J Mater
Chem A 2015;3:11762–7. https://doi.org/10.1039/c5ta02206a.
[23] Shao S, Liu J, Fang HH, Qiu L, ten Brink GH, Hummelen JC, et al. Efficient Perovskite
Solar Cells over a Broad Temperature Window: The Role of the Charge Carrier Extraction.
Adv Energy Mater 2017;7. https://doi.org/10.1002/aenm.201701305.
[24] Ruf F, Aygüler MF, Giesbrecht N, Rendenbach B, Magin A, Docampo P, et al.
Temperature-dependent studies of exciton binding energy and phase-transition suppression
in

(Cs,FA,MA)Pb(I,Br)

3

perovskites.

APL

Mater

2019;7.

https://doi.org/10.1063/1.5083792.
[25] Cheacharoen R, Rolston N, Harwood D, Bush KA, Dauskardt RH, McGehee MD. Design
and understanding of encapsulated perovskite solar cells to withstand temperature cycling.
Energy Environ Sci 2018;11:144–50. https://doi.org/10.1039/c7ee02564e.
[26] Yang J, Hong Q, Yuan Z, Xu R, Guo X, Xiong S, et al. Unraveling Photostability of Mixed
Cation Perovskite Films in Extreme Environment. Adv Opt Mater 2018;1800262:1800262.
https://doi.org/10.1002/adom.201800262.

16

[27] Domanski K, Roose B, Matsui T, Saliba M, Turren-Cruz S-H, Correa-Baena J-P, et al.
Migration of cations induces reversible performance losses over day/night cycling in
perovskite

solar

cells.

Energy

Environ

Sci

2017;10:604–13.

https://doi.org/10.1039/C6EE03352K.
[28] Khenkin M V., Anoop KM, Visoly-Fisher I, Kolusheva S, Galagan Y, Di Giacomo F, et al.
Dynamics of Photoinduced Degradation of Perovskite Photovoltaics: From Reversible to
Irreversible

Processes.

ACS

Appl

Energy

Mater

2018;1:799–806.

https://doi.org/10.1021/acsaem.7b00256.
[29] Jiang L, Lu J, Raga SR, Sun J, Lin X, Huang W, et al. Fatigue stability of CH 3 NH 3 PbI
3 based perovskite solar cells in day/night cycling. Nano Energy 2019;58:687–94.
https://doi.org/10.1016/j.nanoen.2019.02.005.

17

Supporting Information

Figure S1. Set-up used for current-voltage measurements of perovskite solar cells under mimic HAPS environment.
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Figure S2. Solar cells temperature throughout the day in stratosphere calculated at summer solstice, -15° latitude in
southern hemisphere. Values of -86°C (cold), -56°C (nominal) and -37°C (hot) were taken as assumptions for the
outside air temperature at night. The cold and hot temperatures represent the extreme cases found in stratosphere.
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Figure S3. PV parameters (fill factor, Voc, Jsc and PCE) of perovskite solar cells measured between -70°C and
+20°C under constant AM1.5G illumination and vacuum (10 mbar).
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Figure S4. Statistical result of the device parameters under AM1.5G.
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Figure S5. Series resistance (RS) and shunt resistance (RSh) at different temperatures extracted from the inverses of
the slopes at VOC and JSC, respectively.
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Figure S6. Variations in PV parameters of encapsulated and non-encapsulated devices measured at 10 mbar and
25°C under AM1.5G illumination.
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