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Perovskite solar cells (PSCs) are promising candidates for space applications due to their high efficiency,
radiation tolerance, and high power-to-mass ratio. However, the harsh space environment introduces
stressors such as thermal shock (TS) from rapid temperature transitions in orbit, a degradation mode
that remains underexplored. This study investigated the real operating temperature profiles experienced
by solar cells orbiting in low Earth orbit, revealing rapid and extreme temperature transitions. Based on these
findings, we developed an accelerated TS testing protocol, cycling PSC devices between —80 °C and +80 °C
at a rapid ramp rate of 16 °C min~* for 100 cycles, designed to replicate and amplify the stresses induced by
actual orbital thermal cycles. Using FAPbls as a model system, we explored the impact of varying
concentrations of MAPbBrs (0—7%) on the perovskite film's structural stability under this accelerated TS. Our

Received 1st July 2025, results indicate that an intermediate MAPbBr3 incorporation level (specifically 5%) most effectively suppresses
Accepted 9th February 2026 microstrain and the formation of the detrimental §-phase after TS exposure. To validate our laboratory find-
DOI: 10.1039/d5ee03704b ings under near-space conditions, we conducted a comparative high-altitude balloon test at 35 km. These

findings establish TS as a critical testing framework for evaluating PSC stability in space applications and high-
rsc.li/ees light the necessity of refining material compositions for space applications.

Broader context

Perovskite solar cells (PSCs) have advantages of lightweight, high-efficiency, and cost-effective photovoltaic solutions that are particularly attractive for
emerging space technologies such as CubeSats and high-altitude platforms. However, the extreme thermal conditions in low Earth orbit (LEO), characterized by
rapid temperature fluctuations, pose a significant threat to device stability and long-term performance. Existing terrestrial testing protocols fail to replicate the
high ramp rates and broad temperature swings experienced in orbit. In this work, we introduce an accelerated thermal shock protocol that simulates the
realistic orbital thermal environment, enabling rapid evaluation of degradation mechanisms. We demonstrate that MAPbBr; incorporation into FAPbI; can
significantly enhance thermal resilience under these extreme conditions. This study bridges the gap between lab-scale perovskite research and real-world
deployment in aerospace environments, offering key insights for the future qualification of PSCs in space missions.
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Introduction

Perovskite solar cells (PSCs) have emerged as promising candi-
dates for space-based photovoltaics due to their high power-to-
weight ratio, solution processability, and intrinsic radiation
tolerance.'™ These features are particularly advantageous for
small satellite platforms such as CubeSats, where payload
constraints are stringent. However, the harsh space environ-
ment imposes additional stressors beyond radiation, including
high vacuum,® UV exposure’ and thermal shock (TS)® caused
by rapid temperature transitions in orbit. Among these, TS
remains one of the most underexplored degradation modes
for PSCs.

On Earth, device stability is typically evaluated using ther-
mal cycling tests such as IEC 61215, which prescribes ramping
between —45 °C and +85 °C at rates below 2 °C min~".° While
effective for terrestrial conditions, such protocols do not reflect
the temperature fluctuations encountered in low Earth orbit
(LEO), where satellites experience around 15 sunlight-eclipse
transitions daily (around 5475 cycles per year) by Kepler’s third
law. These transitions induce sharp temperature gradients,
often exceeding 5-6 °C min~', and can generate substantial
mechanical strain in thin-film devices.'”"" Unlike ground-based
tests, LEO transitions occur on sub-hour timescales, where
thermal expansion mismatches, lattice fatigue, and phase desta-
bilization can lead to accelerated material degradation.™

For TS testing to realistically capture these stressors, two
factors must be considered simultaneously which are the
temperature range (A7) and the ramping rate (d7/dt). Wider
ranges and faster ramps lead to higher thermal strain rates,
which exacerbate mechanical failure and phase instability
for perovskites structure. Despite these conditions, there is
currently no standardized protocol for evaluating PSC resilience
under space-relevant TS. Therefore, we first analyzed the tem-
perature profiles experienced by satellites in LEO. Data from
missions such as NOAA-21"* revealed temperature ranges of
approximately —90 °C to +80 °C and maximum heating rates up to
6.77 °C min ", significantly exceeding the around 1.67 °C min ™"
ramp rate specified in terrestrial IEC 61215 protocols. Based on
these findings, we implemented an accelerated TS testing protocol
that cycles devices between —80 °C and +80 °C at a ramp rate of
16 °C min ' for 100 cycles. While broader than typical orbital
fluctuations, this protocol serves as a simplified accelerated proxy,
designed to amplify thermal stress accumulation and reveal latent
failure modes relevant to long-term space deployment.

Under TS conditions, perovskite films undergo rapid strain
excursions that can deform the lattice and trigger phase transi-
tions. Shen et al. showed that illumination on/off (day-night)
cycling with modest AT accelerates degradation via periodic re-
formation of lattice strain, mitigated by phenylselenenyl
chloride."* Chen et al. examined high-cycle terrestrial thermal
cycling and reported severe microstrain accumulation, with
endurance improved by an n-octylammonium iodide stress-
management layer.'> A concise comparison of operational
regimes, temperature ranges, and mitigation strategies in these
studies versus our rapid TS approach is provided in Table S1.
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In this work, we use FAPbI; as a model system and apply a
rapid TS protocol while tuning the incorporation of MAPbBr;
(0-7%). Although cesium (Cs) is widely used to stabilize FA-
based perovskites,'® its smaller A-site radius shifts the toler-
ance factor and can complicate FA-Cs crystallization (multiple
intermediate and local inhomogeneity), potentially introduce
lattice strain unless carefully optimized."” By contrast, limited
MAPbBr; incorporation provides concurrent A-site (MA') and
halide (Br™) substitution that promotes rapid o-phase for-
mation/retention under fast AT. Within our TS protocol, the
5% MAPDbBr; composition most effectively suppressed micro-
strain and §-phase formation. To complement the laboratory
protocol, we conducted a high-altitude balloon (HAB) campaign
at approximately 35 km. We note that the HAB flight represents
a distinct thermal regime from the laboratory TS protocol:
whereas the TS protocol simulates the rapid, repetitive thermal
cycling characteristic of orbital, satellite-like conditions, the
HARB flight subjects devices to a single, slower thermal transient
governed by atmospheric lapse rates. Consequently, the HAB
test is not intended to replicate orbital thermal shock, but
rather to validate device robustness under a complex, real-
world near-space environment (low pressure, elevated UV,
and partial AMO irradiance) which is difficult to simulate
simultaneously in the laboratory. Thus, the HAB test comple-
ments the TS study by evaluating whether the material optimi-
zations identified under rapid thermal cycling remain effective
when exposed to this multi-stressor profile.

Results and discussion

For small satellites, including CubeSats, which rely heavily on
solar panels for power, maintaining solar cell integrity and
efficiency is crucial. Temperature variations can significantly
degrade performance, reducing power output and affecting
mission operation. CubeSats are typically designed for mis-
sions lasting several months to years, making thermal resili-
ence essential. Ensuring solar cells can withstand extreme
temperature fluctuations enhances their lifespan and reliabil-
ity, ultimately contributing to mission success.

In space, CubeSat solar cells experience substantial tem-
perature variations as they transition between sunlit and
eclipse phases during orbit, as illustrated in Fig. 1a. Theoreti-
cally, temperatures can drop below —100 °C in eclipse and
exceed +100 °C under direct sunlight.>” In alignment with such
extremes, the European Cooperation for Space Standardization
(ECSS) recommends a qualification range of —175 °C to +125 °C
under protocol ECSS-E-ST-20-08C, typically across 100 to 1000
thermal cycles.”® However, actual on-orbit temperature mea-
surements are often less severe, constrained by mission-
specific conditions (Table S2). As shown in Fig. 1b, surface
temperatures recorded from satellites in LEO exhibit a range
strongly influenced by orbital altitude and configuration. For
instance, the TURKSAT-3USAT CubeSat reported the highest
observed temperature of approximately +80 °C, while the NOAA-
21 satellite recorded a minimum of approximately —90 °C.

This journal is © The Royal Society of Chemistry 2026
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These values indicate that, in practice, LEO satellites rarely
exceed the £100 °C thermal boundary. Variations in orbital
parameters, including inclination, eclipse duration, and local
solar time, affect the length and intensity of solar exposure.
Satellite attitude control systems further modulate solar inci-
dence on photovoltaic surfaces. In addition, onboard thermal
control elements such as radiators, multilayer insulation, heat
pipes, and heaters help regulate internal heat distribution.?
Active payload operations, such as continuous communication
or power-intensive instrumentation, can also contribute inter-
nal heat loads, mitigating the impact of radiative cooling.>
Consequently, even satellites at comparable altitudes may
undergo significantly different thermal profiles than predicted
by theoretical models or qualification standards. Fig. 1c com-
pares the temperature range with actual recorded LEO surface
temperatures and the thermal shock protocol employed in this
study. While the ECSS envelope spans from —175 °C to +125 °C,
operational data indicate that the typical temperature range
experienced by LEO satellites falls between approximately
—90 °C and +80 °C. Notably, most satellites operate within a
narrower thermal window of about —40 °C to +60 °C. The TS
test range employed in this study (—80 °C to +80 °C) thus
reflects a realistic worst-case scenario and provides a mission-
relevant protocol for evaluating the thermal stability of perovs-
kite solar cells under space-representative conditions.

Another critical parameter in the thermal qualification of
space-based solar cells is the temperature ramp rate, the rate at
which the satellite transitions between sunlit and eclipse
regions during orbit, as illustrated in Fig. 2a. These rapid
transitions can impose thermal shock, particularly at interfaces
between materials with different coefficients of thermal expan-
sion. In perovskite solar cells, this can lead to cumulative

a)
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damage, including morphological degradation, interfacial
delamination, and reduced photovoltaic performance, making
thermal resilience a vital metric for space reliability.

Since satellites in LEO travel at a nearly constant orbital
speed at a given altitude, their orbital period can be accurately
calculated using Kepler’s third law, as shown in Table S3. For
our thermal shock testing protocol, we defined a test window of
£80 °C. Using this range, we calculated the corresponding
thermal transition rates from sunlight to eclipse across differ-
ent LEO altitudes (Fig. 2b). At 200 km, the rate is approximately
3.71 °C min ', which progressively decreases with altitude due
to longer orbital durations.

Complementing this calculation, Fig. 2c presents real-time
flight data from the NOAA-21 satellite at an altitude of 824 km,
obtained via the integrated calibration/validation system."® The
heating rate during eclipse exit (dark to sun) was observed to be
6.77 °C min~", while the cooling rate from sunlight to eclipse
was 1.89 °C min~'. This asymmetry reflects the fundamental
thermal physics of space that heating is rapid due to direct
solar irradiation in the absence of atmospheric damping,
whereas cooling is slower due to radiative heat loss to deep
space. Such asymmetry must be considered in the design and
testing of thermally sensitive devices like perovskite solar cells.

Since the thermal ramp rate varies depending on satellite
design, orbit geometry, and operational conditions, it is diffi-
cult to generalize. Therefore, we adopted a conservative, accel-
erated protocol with a ramp rate of 16 °C min " between —80 °C
and +80 °C. This value, shown in Fig. 2d, exceeds the orbital
heating rate of NOAA-21 by more than a factor of two, allowing
us to intensify the thermal stress and probe latent failure
mechanisms in perovskite devices. Finally, Fig. 2e compares
our protocol to standard terrestrial conditions defined in IEC
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sunlight and eclipse regions. (b) Satellite surface temperature extremes and orbital altitudes across LEO missions.

range for LEO satellite and test protocols.
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(a) Illustration of the TS in a CubeSat in LEO, demonstrating the effects of both rotation and orbital motion as the CubeSat transitions between
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Fig. 2 (a) Schematic illustration of thermal shock occurring during orbital transitions between sunlight and eclipse in LEO. (b) Calculated thermal

transition rates from sunlight to eclipse at varying altitudes (200-2000 km), assuming a +80 °C temperature swing. (c) Real-time surface temperature
profile of the NOAA-21 satellite measured on 30 April 2025. (d) Comparison of temperature ramp rates used in different test protocols and real-world
conditions. (e) Line profile of IEC 61215 thermal cycling protocol, typically used for terrestrial solar cell qualification, highlighting the slower thermal

gradient compared to our accelerated space-relevant protocol.

61215, which typically uses ramp rates around 1.67 °C min "

While suitable for ground-based qualification, these protocols
do not account for the unique and more abrupt thermal
transitions encountered in space. In the absence of standar-
dized protocols for in-orbit thermal shock testing, our use of a
16 °C min ' ramp rate provides a robust accelerated stress
condition that enables a meaningful assessment of device
durability and thermal robustness under harsh orbital
environments.

FAPDI; perovskite was selected as the model system for this
study due to its high power conversion efficiency, exceeding
27%,>" which positions it as a promising candidate for space-
based photovoltaics. However, the a-phase of FAPbI;, crucial
for efficient solar cell operation, is thermodynamically unstable
at room temperature, necessitating strategies for phase
stabilization.®” Given the demonstrated effectiveness and wide-
spread use of MAPbBr; as a dopant for stabilizing the a-phase
of FAPbI;,*® we systematically investigated the impact of vary-
ing MAPbBr; ratios within the FAPDI; as a representative model
system to validate our accelerated thermal shock protocol.

Following the TS tests, perovskite films experienced contin-
uous compressive and tensile strains, leading to structural
decomposition and performance degradation. This clearly
indicates the key necessity for strategies to maintain lattice
stability in extreme thermal environments. To investigate the
fundamental mechanisms behind these effects, we conducted a
molecular dynamics (MD) simulation (Fig. 3a), which provides

2560 | Energy Environ. Sci., 2026, 19, 2557-2568

time-resolved insights into the structural behavior of FAPbI; at
—80 °C, 25 °C, and 80 °C. At —80 °C, the perovskite lattice
exhibits minimal atomic fluctuations and a compact structure,
with reduced lattice dimensions and angles compared to 25 °C.
As the temperature rises to 25 °C, lattice constants and total
potential energy steadily increase, accompanied by more pro-
nounced atomic reorientations. At 80 °C, fluctuations became
significantly more evident, with substantial octahedral tilting of
the Pbls framework and more significant FA ion displacements
(Fig. 3b). Further supporting these observations, Fig. S1 shows
progressive disorder in lattice parameters under thermal stress.

To mitigate the structural instability induced by thermal
fluctuations, we explored the role of MAPbBr; in suppressing
d-phase formation and improving the electronic uniformity of
FAPDI;. As earlier literature reported,® our findings indicate
that while MAPDBr; incorporation effectively suppresses
d-phase formation, its impact on the crystallinity of the
a-phase is more complex. To isolate this effect from annealing
influences, we prepared perovskite films with 0% and 3%
MAPDBr; by drying them under a vacuum (Fig. S2). As shown
in Fig. S3, XRD data confirms a significant §-phase presence in
the 0% MAPbBr; sample, while the 3% MAPDbBr; film exhibited
a dominant a-phase signal with minimal é-phase. However, the
full width at half maximum (FWHM) of the o-phase peak
increased from 0.162 (0%) to 0.188 (3%), which correlates with
a decrease in grain size. This peak broadening is primarily
attributed to the Scherrer effect due to smaller grain sizes in the

This journal is © The Royal Society of Chemistry 2026
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3% MAPDBr; sample, confirmed by KPFM in Fig. S4, while
localized lattice strain from Br incorporation may further
contribute to structural distortion.>® Despite this increase
in FWHM, KPFM measurements reveal a more uniform CPD
distribution in the 3% MAPDbBr; sample, whereas the 0%
sample exhibits a nonhomogeneous work function with a
shoulder peak due to the 3-phase, as shown in Fig. S4. This
suggests that while localized strain and grain size reduction
are present in the 3% MAPDBr; film, its surface electronic
uniformity is improved due to suppressed §-phase formation.
These results highlight the necessity of optimizing MAPbBr;
incorporation to balance structural integrity, electronic homo-
geneity, and charge transport properties.

Building on these findings, we further examined the stability
of annealed perovskite films under TS conditions to evaluate
the long-term stabilizing effects of MAPbBr;. Using XRD mea-
surements before and after 100 TS cycles (—80 °C to +80 °C), we
explored a range of MAPbBr; concentrations (0%, 1%, 3%, 5%,
and 7%) to elucidate how MAPDbBTr; contributes to the structural
and phase stability of FAPbI; under extreme thermal stress.
XRD patterns (Fig. 3c and d) reveal variations in §-phase and

This journal is © The Royal Society of Chemistry 2026

Pbl, peaks before and after TS tests. A broader set of XRD
patterns and variation of FWHM are provided in Fig. S5.
Initially, Fig. 3c shows that the pure FAPDI; film (0% MAPDbBTr;)
exhibits peaks corresponding to both the é-phase, an undesir-
able orthorhombic form, and PbI,. However, 1% MAPbBr;
significantly suppressed the §-phase, stabilizing the o-phase.
At higher MAPbBr; concentrations, increased Pbl, intensity was
observed, likely due to local structural imbalances from Br~
substitution for I” ions and partial phase separation.*® This
suggests that moderate MAPbBr; concentrations enhance the
a-phase’s structural stability, whereas excessive concentrations
may require optimization to minimize secondary phases. The
stronger Pb-Br bond compared to Pb-I bond*” contributes to
improved thermal and phase stability by inducing subtle lattice
contraction, reducing octahedral tilting, and enhancing struc-
tural coherence. Additionally, Br~ has been reported to exhibit
lower ion mobility than I, which potentially mitigates ion
migration under thermal stress and supports enhanced
stability.*®

Subsequently, we assessed the impact of TS on phase
stability with varying MAPbBr; concentrations. As shown in

Energy Environ. Sci., 2026, 19, 2557-2568 | 2561
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the XRD patterns in Fig. 3d, the 0% sample exhibited a slight
increase in §-phase intensity after TS, indicating partial decom-
position. Although we expected MAPDbBr; to mitigate these
effects, the 1% MAPDBr; sample showed a substantial increase
in d-phase content after TS. This unexpected result suggests
that low MAPDbBr; concentrations may not offer sufficient
protection against TS. In contrast, films with 3% or higher
MAPDBr; concentrations showed no increase in d-phase or
PbI, peaks following TS. This suggests that there is an optimal
concentration threshold, above which MAPDbBr; effectively
enhances TS resistance in FAPDbI;.

Further insights into the structural stability of the perovskite
films are provided by the micro-strain analysis (Fig. 3e), based
on XRD results. The sample without MAPbBr; (0%) showed a
notable increase in micro-strain, by approximately 0.0016 after
TS. In contrast, among the MAPbBr;-incorporated samples, the
sample with 5% MAPDbBr; concentration exhibited the smallest
micro-strain variation (0.00075) after TS, indicating better
structural stability. The complete set of XRD data, including
FWHM variations and Williamson-Hall plots, is provided in
Fig. S5 and S6. This observation aligns with SEM analysis (Fig.
S7), where pinhole formation in perovskite films was observed
following TS for the 1% MAPDbBr; film. Interestingly, as the
MAPDbBr; concentration increased, the number of pinholes
decreased, suggesting that MAPbBr; stabilizes the perovskite
phase and enhances morphological integrity. Furthermore,
cross-sectional SEM images (Fig. S8) confirm that these mor-
phological changes are confined to the surface of the perovskite
layer, with no observable alterations in the bulk structure and
delimitation.

To further investigate, we analyzed the influence of surface
roughness on strain evolution, as smoother surfaces with fewer
irregularities tend to exhibit reduced strain accumulation,
thereby mitigating the impact of rapid thermal fluctuations.*
As shown in Fig. S9, the incorporation of MAPbBTr; results in a
smoother perovskite surface with lower RMS roughness, while
the three-dimensional morphology in Fig. S10 further confirms
a more uniform and compact structure. The incorporation of
MAPDBr; modifies crystallization kinetics, promoting a more
homogeneous morphology. Fig. S11 compares the height dis-
tribution before and after the TS. It shows that the 3% and 5%
MAPDBr; samples exhibit significantly lower height variation
after TS compared to other compositions, indicating reduced
structural distortion. Consequently, the microstrain variation
in these samples is also minimized, as confirmed by Fig. 3e.

After analyzing the impact of TS on the crystalline and
structural changes in FAPbI; with varying MAPbBr; concentra-
tions, we explored nanoscale CPD spatial maps measured by
KPFM. As shown in Fig. 4a and b, under dark and light
conditions during the KPFM measurement for the 1% and
5% MAPDBr; incorporated samples with TS, certain grains
display noticeably brighter CPD signals (marked by green
circles) despite exhibiting similar morphology to regular grains.
The bright CPD grains were absent in pre-TS samples (see
Fig. S12), indicating that the abrupt temperature variations
from TS likely induced them. These bright CPD grains are
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unusual as they have higher CPD, which refers to shifting the
Fermi level to the valence band. Interestingly, as the concen-
tration of MAPbBr; increased, the number of bright CPD grains
decreased (Fig. S13). Bright CPD grains were predominantly
observed in samples with lower MAPbBr; concentrations.

After TS, the 1% MAPDbBr; sample exhibited a significant
increase in bright CPD grains, while the 5% sample showed
fewer grains. Since bright CPD grains indicate localized varia-
tions in charge potential, often correlated with defect sites, the
higher distribution of these grains in the 1% MAPbBr; sample
suggests greater defect formation due to TS. In contrast, the 5%
MAPbBr; sample showed a more uniform CPD distribution,
indicating better charge homogeneity and fewer defect-induced
variations, as shown in Fig. S14. When comparing surface
photovoltage (SPV) values, as shown in Fig. 4c, the 5% MAPbBr;
sample exhibited a higher SPV for regular CPD grains, measur-
ing 0.383 V, compared to 0.096 V for the 1% sample. This
higher SPV suggests more efficient charge extraction, support-
ing the conclusion that the 5% MAPbBr; composition better
maintains charge transport pathways even after TS exposure.

For bright CPD grains (Fig. 4d), the SPV in the 5% sample
was measured at 0.260 V, whereas the 1% sample showed
0.101 V. Although these regions typically indicate structural
inhomogeneity, the 5% MAPbBr; sample still exhibited higher
SPV, suggesting improved charge transport characteristics com-
pared to the 1% counterpart. These findings align with the MD
simulations (Fig. 3a and b), which indicate that FA ion dis-
placement contributes to lattice instability in FAPbI;, poten-
tially leading to defect formation in the 1% MAPbBr; sample. In
contrast, the incorporation of higher MAPbBr; concentrations
appears to mitigate these structural instabilities, resulting in
fewer defect sites after TS.

The reduced distribution of bright CPD grains and the
higher SPV values in the 5% MAPDbBr; sample further suggest
lower defect generation from TS and greater structural stability.
This mechanism is schematically illustrated in Fig. 4e, where
repeated thermal expansion and contraction cycles induce
structural distortions in the perovskite lattice, leading to the
formation of recombination sites within the bright CPD grains.
The ability of the 5% MAPDbBr; sample to suppress these
thermally induced recombination centers highlights its
enhanced resilience to TS-induced degradation.

Additionally, we analyzed the CPD distribution across the
entire area of the scanned CPD images before and after TS
for the 1% and 5% MAPDbBr; samples in the dark condition.
As shown in Fig. 4f, the CPD results for the 1% MAPbBr; sample
indicate that the FWHM increased by approximately 0.068 after
TS, indicating a decrease in the homogeneity of the work function
across the film. Moreover, the mean CPD value negatively shifted
by 0.270 V after TS, highlighting reduced hole density on the
surface with the significant recombination sites. In contrast, for
the 5% MAPDbBr; sample, Fig. 4¢ shows that the FWHM change
was notably smaller, with an increase of only 0.052, while the
mean CPD shifted positively to approximately 0.135 V.

These findings confirm that TS significantly affects the work
function of perovskite films, primarily due to the reduced phase

This journal is © The Royal Society of Chemistry 2026
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stability of the perovskite structure, leading to the formation of
the recombination sites in the film. However, the 5% MAPDbBr;
sample demonstrates better phase stability and electronic uni-
formity under TS conditions. Additional results for other
MAPDBr; concentrations are provided in Fig. S15. To further
validate these findings, the work function of the perovskite
films was examined using UPS, as shown in Fig. S16. The
UPS data revealed that the work function changed significantly
after TS for samples for 1% MAPbBr;, whereas no noticeable
changes were observed for the 5% MAPbBr; samples. This
stability in work function at 5% MAPDbBr; concentrations
suggests enhanced prevention of the activation of trap states
under thermal stress. This aligns with the reduced CPD shift
and FWHM variation observed in the 5% MAPDbBr; sample,
indicating improved electronic uniformity and resistance to
TS-induced degradation.

After characterizing the perovskite films post TS, we con-
firmed that the 5% MAPDbBr; sample exhibited the least degra-
dation among the tested compositions. To further understand
the impact of TS on complete PSCs, we fabricated full devices
with the architecture ITO/SnO,/(FAPbI;)o.o5(MAPDbBr3)g o5/PEAI/

This journal is © The Royal Society of Chemistry 2026

PTAA/Au, encapsulated in vacuum to prevent moisture-induced
degradation. Although the devices were sealed in vacuum bags,
the thermal shock chamber was operated at atmospheric
pressure with active airflow. Furthermore, the encapsulated
devices were mounted on a metallic tray to ensure efficient
thermal conduction. The polymer-based vacuum packaging
exhibited minimal thermal insulation, thereby enabling effec-
tive heat transfer between the chamber environment and the
device stack, as shown in Fig. S17. These devices were subjected
to 100 TS cycles between £80 °C, as illustrated in Fig. 5a.
As shown in Fig. 5b, the 5% MAPDbBr; sample retained approxi-
mately 80% of its original power conversion efficiency (PCE)
after TS, whereas the 1% sample experienced a substantial
reduction of around 38%. The corresponding reverse-scan j-V
curves (Fig. 5¢ and d), along with the full parameter summary
in Fig. S18 and Table S4, reveal a general decline in perfor-
mance across both compositions due to TS-induced stress.
Notably, the 1% sample exhibited the most pronounced dete-
rioration, particularly in short-circuit current density (Jsc) and
fill factor (FF), suggesting increased charge recombination and
impaired charge extraction.
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(c) and (d) Reverse-scan J-V characteristics of the (c) 1% and (d) 5% MAPbBrs devices before and after TS. (e) and (f) External quantum efficiency (EQE)

spectra of the (e) 1% and (f) 5% MAPDbBrz devices before and after TS.

While both compositions showed a reduction in Js¢ after TS,
the 5% sample maintained relatively higher values than 1%
sample, indicating less TS degradation. Interestingly, the Voc
for both samples increased slightly after TS, which may indicate
localized suppression of non-radiative recombination, poten-
tially due to thermally induced ion redistribution.*® This inter-
pretation is supported by steady-state photoluminescence (PL)
measurements (Fig. S19), which show an increase in PL inten-
sity after TS for both samples. However, the concurrent
decrease in FF and Jsc suggests an increase in series resistance
and degraded charge transport pathways. Under steady-state
power output tracking over 600 s, the 5% MAPDBr; device
exhibits a PCE change of —2.87%, whereas the 1% device drops
by —4.58%, indicating better TS resistance of the 5% sample as
shown in Fig. S20.

In addition, hysteresis analysis showed that the hysteresis
index of the 5% MAPDbBr; device decreased to 8.27 after TS,
compared to 13.03 for the 1% device. This reduction suggests
improved charge transport, reduced ion migration, and
enhanced device stability in the 5% sample under thermal
stress. The external quantum efficiency (EQE) spectra before
and after TS further corroborate these trends. As shown in
Fig. 5e, the TS 1% device exhibits a substantial EQE drop across
the entire visible spectrum, consistent with increased defect
density and phase degradation. In contrast, the TS 5% device
retains relatively stable EQE, with only a moderate decline
observed in the long-wavelength region (700-800 nm) (Fig. 5f).
This long-wavelength reduction may be attributed to interfacial
thermal expansion mismatch between the perovskite and PTAA
layers. While this phenomenon is beyond the scope of this study,
future investigations should explore interfacial mechanical

2564 | Energy Environ. Sci., 2026, 19, 2557-2568

compatibility as a strategy for improving PSC stability under
thermal extremes.

Following the TS test on complete PSC devices, we con-
ducted a high-altitude balloon (HAB) test on October 5th, 2023,
in collaboration with the Space Systems Laboratory at the
University of Pisa, to evaluate the resilience and performance
of PSCs under near-space conditions. The HAB ascended to an
altitude of approximately 35 km, simulating the extreme environ-
mental conditions found in near space (20-100 km), where
significant temperature fluctuations and irradiance variations
occur. Although the “edge of space” is conventionally defined at
100 km, the environmental conditions at 30-35 km closely resem-
ble those found in space, as shown in Fig. 6a. At this altitude,
atmospheric pressures drop to about 2% of sea level values, and
densities decrease to 1.5% of their sea level counterparts.** This
near-space environment presents a unique thermal challenge, as
ambient temperatures in the stratosphere can drop to approxi-
mately —40 °C, while convective heat loss is negligible due to the
low air density.*> Additionally, direct solar exposure can cause
payload surfaces to heat up beyond ground-level temperatures,
creating a demanding thermal environment similar to that experi-
enced by CubeSats in LEO. The summarized conditions of 35 km
altitude in Table S5. In the HAB experiment, altitude serves as a
proxy for multiple concurrent stressors, low pressure (5.6 mbar),*?
AMO irradiance, elevated UV,** and temperature variation, which
indicate the trends versus altitude reflect combined environmental
loading rather than temperature alone as shown in Fig. 6b. These
conditions make HABs an invaluable tool for testing and validating
space-bound technologies, such as PSCs.

Fig. 6c illustrates the altitude progression during the flight.
As shown in Fig. 521, the balloon reached its maximum altitude

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic of the altitude where we tested HAB. (b) Summary of environmental conditions at around 35 km altitude. (c) Schematic of the HAB

test. (d) Temperature-altitude plot for the two different PSCs used. (e) Measured irradiance versus altitude recorded during the HAB flight. (f) PCE of 1%

and 5% MAPbBrz samples at different altitudes.

of 35 km approximately 1 hour and 20 minutes after launch,
maintained this altitude briefly, and then descended, complet-
ing the flight in 2 hours and 20 minutes. During the ascent,
temperatures drop to approximately —40 °C at 15 km and
gradually stabilize in the stratosphere, where the ozone layer
absorbs high-energy UV radiation, converting it into heat. The
estimated steepest temperature variation rate during the ascent
was approximately 2.1 °C min~" (up to around 10 km altitude
20 °C to —40 °C). Temperature was monitored using two
sensors attached to separate PSCs, yielding an average discre-
pancy of only 0.4 °C, as shown in Fig. 6d, demonstrating the
reliability of the experimental setup. Additionally, irradiance
data as a function of altitude, presented in Fig. 6e, further
characterizes the HAB’s environmental conditions. These data
establish a rigorous real-world testing framework, reinforcing
the relevance of PSC evaluation for future space missions.
Figure S22 displays the device performance parameters,
including Jsc, Voc, and FF, for the 1% and 5% MAPbBr; devices
encapsulated with a polyisobutylene full-cover seal (Fig. S23)
during the HAB test. The initial PCE measured under AM1.5 in
the lab is shown in Table S6, and the corresponding absolute
values during the HAB test are summarized in Table S7. The
lower absolute in-flight PCE, compared to laboratory, is attrib-
uted to the constraints of the experimental platform, specifi-
cally the absence of active solar tracking and non-ideal
incidence angles during flight. Nevertheless, the primary objec-
tive of this flight was to validate the relative stability differences
between compositions under real near-space stressors rather

This journal is © The Royal Society of Chemistry 2026

than to maximize absolute power output. Data is averaged over
two devices per composition. The irradiance linearly increases
with altitude (Fig. 6e), suggesting that Jsc should follow a
similar trend. However, Jsc does not increase linearly, particu-
larly in the 1% sample, where the slope of Jsc (0.00016) is
significantly lower than that of the 5% sample (0.00364), as
shown in Fig. S21. This discrepancy suggests that the 1%
sample suffers from severe non-radiative recombination, as
confirmed by KPFM measurements, which indicate lower SPV
values as shown in Fig. 4c and d. This enhanced recombination
arises from defect states at grain boundaries, which trap charge
carriers and inhibit efficient charge extraction. Additionally,
carrier accumulation at these defect sites or transport layers
can lead to electric field screening, further reducing charge
separation efficiency. These findings align with EQE measure-
ments (Fig. 5d and e), where the 1% sample exhibits the most
significant drop in Jsc, confirming its increased recombination
losses. In contrast, the 5% MAPbBr; sample demonstrates
higher SPV and EQE, resulting in a steeper Jsc slope with
increasing irradiance and reduced recombination losses. Simi-
larly, the Voc and FF of the 5% sample exhibit greater stability,
with fewer fluctuations, whereas the 1% sample undergoes
pronounced lower performance. Consequently, the normalized
PCE, as presented in Fig. 6f, shows that the 1% sample has a
lower slope (0.00032) compared to 5% (0.00565), reinforcing
the improved operational stability of the 5% sample.

The overall stability performance of the 5% MAPDbBr; sample
across all metrics highlights its suitability for extreme
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environments, such as high-altitude or space applications,
where temperature and pressure variations pose significant
challenges. These findings not only demonstrate the impor-
tance of TS testing for perovskite structural stabilization but
also emphasize the critical need to optimize material composi-
tions for real-world conditions.

Conclusion

In this study, we establish a novel framework for evaluating the
feasibility of PSCs for space applications, emphasizing TS
testing as a crucial tool for assessing phase stability and
material performance under extreme conditions. Unlike stan-
dard thermal cycling protocols, TS testing for PSCs remains
undefined, necessitating a systematic approach. To address
this gap, we compared our TS conditions with both established
thermal cycle standards and the real temperature variations
experienced by satellites in LEO, which do not reach the
theoretical extremes. Based on these comparisons, we propose
a TS protocol of —80 °C to 80 °C at a rate of 16 °C min ™", which
exceeds the calculated orbital temperature fluctuation rates.
This accelerated stress test effectively simulates the abrupt
thermal transitions encountered in space, enabling the identifi-
cation of latent failure modes.

Furthermore, we highlight the significance of phase stability
in perovskite materials for enduring extreme environmental
stress. Controlled incorporation of MAPbBr; into FAPbI;
enhances structural resilience, not only under the intensified
thermal fluctuations of our TS protocol but also under the
multi-factor space-like conditions encountered during HAB
testing. While the HAB temperature ramp rate differs from that
of the TS protocol, it exposes devices to additional stressors,
such as reduced atmospheric pressure, increased UV intensity,
and AMO-like irradiance, that are highly relevant to space
operation. By combining accelerated TS testing with HAB
experiments, we provide a more complete evaluation of PSC
structural integrity and operational stability under realistic
environmental challenges. We confirm that phase stabilization
is a prerequisite for TS durability, and future studies will
benchmark alternative stabilizers to elucidate their responses
to thermal-shock stress. Furthermore, we recognize that while
this work focused on bulk microstrain, interfacial thermal
expansion mismatch and macrostrain are critical factors gov-
erning failure mechanics. These aspects, including detailed
characterization of coefficients of thermal expansion (CTE)
and layer delamination, are essential subjects for future inves-
tigation. This is particularly relevant for the advancement of
complex multilayer architectures, such as perovskite-silicon
tandems, where significant CTE disparities between constitu-
ent materials can induce severe thermomechanical stress.
In addition, post-flight characterization of HAB-exposed
devices will be pursued to disentangle multi-stressor effects at
high altitude.

These insights can inform the development of qualifica-
tion protocols for perovskite panels intended for orbital
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photovoltaic power generation. In geostationary orbit (GEO),
near-continuous solar illumination imposes sustained thermal
loading and long-term radiation exposure, whereas LEO subject
devices to frequent sunlit/eclipsed transitions and rapid tem-
perature excursions. The combined use of accelerated thermal
shock testing and high-altitude balloon experiments captures
complementary aspects of these environments, providing a
basis for tailoring material compositions and device architec-
tures to the distinct operational demands of GEO and LEO, and
thereby advancing the reliable, efficient deployment of perovs-
kite solar technology for space power systems.
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