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Abstract (200-300 words) 

 This study investigates the suitability of all-inorganic halide perovskites of CsPbI2Br 

for space applications with an emphasis on their thermal stability under the simulated Low 

Earth Orbit (LEO) space conditions. The substrate pre-heating is found to play a critical role in 

obtaining ambient stable CsPbI2Br perovskite solar cells. The in-situ photovoltaic properties of 

the CsPbI2Br solar cells over a broad temperature range (+150 °C to −150 °C) and under 

combined stressors such as heat, vacuum, and AM0-like illumination were systematically 

investigated for both glass/ITO and fused silica/ITO substrates. The extent of performance loss 

and recovery is found to be strongly determined by the choice of substrates, with the fused 

silica/ITO-based devices showing relatively better performance recovery than the glass/ITO-

based devices, after 24h. Microstructural analysis of partial device heterostructures shows that 

CsPbI2Br films on fused silica retain their crystalline phase, preferred orientation, and optical 

absorption even under extreme temperature fluctuations, indicating better thermal 

compatibility. Overall, this study highlights the significance of substrate engineering in 

enhancing the durability of CsPbI2Br  perovskite solar cells for space applications.  
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1. Introduction 

The growing demand for sustainable and efficient energy sources has driven significant 

advances in photovoltaic (PV) technologies, both for terrestrial use and increasingly for 

aerospace applications. The rapid growth of satellite technology, tiny satellites and CubeSats 

has created a pressing need for lightweight, cost-effective, and highly efficient solar power 

solutions that can withstand the extreme conditions of space [1,2]. While traditional space-

grade solar cells based on crystalline silicon and gallium arsenide (GaAs) remain the standard 

due to their high-power conversion efficiency (PCE) and established durability, these 

technologies have some limitations: high fabrication costs, rigidity and substantial weight, 

resulting in a specific power (power to weight ratio) of 0.5-1.0 W/g [3]. These drawbacks 

increasingly conflict with the developing design priorities of modern space missions, which 

focus on miniaturisation, cost reduction, and flexible form factors. 

Thin-film photovoltaic technologies, mainly organic photovoltaics (OPVs), have gained 

attention in this regard due to their lightweight nature, mechanical flexibility, and low-

temperature processing. However, OPVs exhibit poor thermal and photostability when 

subjected to harsh space environments, which include ultraviolet (UV) radiation, high vacuum, 

and wide temperature fluctuations. Subsequently, OPVs are currently unsuitable for most space 

applications [4,5]. 

In this context, metal halide perovskite solar cells (PSCs) have emerged as a promising 

class of PV devices offering a captivating combination of high PCE, tunable optoelectronic 

properties, low-cost solution processability, and mechanical flexibility. In addition to their 

lightweight and low-cost fabrication benefits, PSCs also show an outstanding power-to-weight 

ratio, a significant parameter for aerospace and satellite technologies. Recent advances in 

perovskite photovoltaics achieving high power-to-weight benchmarks include ultra-thin 

perovskite cells with specific power densities of ~50 W g⁻¹ [6] and flexible quasi-2D cells with 

~44 W g⁻¹ [7]. 

 This exceptional power-to-weight performance not only outshines many standard 

photovoltaic technologies, such as crystalline silicon (~0.2–0.3 W/g) and gallium arsenide-

based multijunction cells (~0.5–1.0 W/g) but also underlines the suitability of perovskites for 

high-altitude and orbital systems, where payload weight is a limiting factor [3]. Such ultra-

light, high-efficiency designs make them favourable for integration into flexible, deployable, 

or curved surfaces commonly used in aerospace engineering. 
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Among various halide perovskites, all-inorganic compositions such as CsPbI2Br have 

attracted particular interest for extraterrestrial applications due to their enhanced thermal 

stability compared to hybrid organic–inorganic perovskites [8,9]. In a recent study, Kulback et 

al. reported that substituting volatile organic cations with inorganic caesium ions significantly 

improves the material's robustness against thermal degradation and humidity exposure, which 

are critical factors for operation beyond Earth's atmosphere [10]. Furthermore, owing to its 

wide bandgap, CsPbI2Br is attractive not only for single-junction space photovoltaics but also 

as a potential top-cell absorber in multi-junction (tandem) solar cell architectures. Such 

configurations enable improved utilisation of the solar spectrum and higher overall power 

conversion efficiencies, which are particularly desirable for satellite and space power systems 

[11]. 

The CsPbI2Br perovskite, with a bandgap of approximately 1.9–2.0 eV, is especially 

well-suited to the AM0 solar spectrum, which characterises the solar irradiance outside the 

Earth's atmosphere [12]. This wider bandgap enables the effective absorption of high-energy 

photons, which are predominant in space. The mixed-halide arrangement—combining iodide 

and bromide—plays a crucial role in stabilising the desired photoactive α-phase of the material, 

thereby limiting the structural changes typically found in iodide-based materials. In one of the 

research studies, Zhou et al. demonstrated that bromide incorporation in CsPbI2Br helps 

stabilise the perovskite in its α-phase, thereby suppressing unwanted phase transitions that 

occur in pure iodide systems [13]. This stabilisation is primarily valued under thermal and 

illumination stress, allowing CsPbI2Br to hold its optoelectronic properties more effectively 

than many of its peers. Furthermore, the material’s structural and electronic properties facilitate 

efficient charge transport and long carrier lifetimes, all while allowing scalable and low-

temperature fabrication techniques such as spin coating or thermal evaporation. These features 

jointly position CsPbI2Br-based PSCs as a promising candidate for lightweight, efficient, and 

durable photovoltaic modules suitable for space deployment [14-16]. 

To assess the feasibility of CsPbI2Br solar cells for space applications, it is essential to 

understand the specific environmental conditions they will encounter, particularly in the Low 

Earth Orbit (LEO) regime [17-18]. In LEO, solar cells are exposed to high vacuum levels (10⁻⁴ 

to 10⁻⁶ mbar), intense AM0 (136.6 mW/cm2) solar illumination, and rapid temperature cycling 

between +120 °C and –100 °C. In addition, atomic oxygen, UV radiation, and charged particle 

fluxes can cause surface erosion, chemical degradation, and structural damage. These 

environmental variables can accelerate material degradation, jeopardising solar cells' long-term 

operational stability and efficiency [18-21]. Although several studies have investigated the 

Page 3 of 29 Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SE01367D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01367d


4 
 

stability of perovskites under vacuum and UV exposure, a significant knowledge gap remains 

regarding the performance and degradation mechanisms of CsPbI2Br solar cells under LEO-

like stresses. This is especially true for inorganic perovskite compositions, which offer the most 

potential for space applications due to their thermal stability, but have received less attention 

than their organic-inorganic hybrid counterparts [22-24]. 

This study addresses a substantial gap by analysing the structural, thermal, and optoelectronic 

stability of CsPbI2Br-based perovskite solar cells in simulated LEO-like parameters. Our 

research focuses on the collective effects of high vacuum, thermal cycling, and AM0-like 

illumination (Figure S1), as well as the influence of substrate selection—comparing fused silica 

(FS/ITO) and soda-lime glass (G/ITO) on device performance under space-grade thermal 

stressors. FS is selected because of its superior optical properties, thermal stability and better 

tolerance to harsh environmental conditions in space. Due to its exceptional attributes, FS is 

utilised in various space applications, including window materials for spacecraft, lenses and 

prisms for satellite and telescope systems, and optical fibres for high-speed, high-bandwidth 

data transmission in communications and sensor systems [25]. We employ microstructural 

characterisations to probe crystalline phase evolution and orientation, alongside detailed 

electrical and device physics to monitor efficiency changes and Current Density-Voltage (J-V) 

hysteresis behaviour under controlled environmental stress. We incorporate multiple 

characterisations to understand how CsPbI2Br solar cells fabricated on different substrates 

respond to space-relevant conditions. Our findings emphasise the critical role of post-

deposition thermal annealing in stabilising the CsPbI2Br perovskite phase, as well as the 

importance of substrate selection in preserving and recovering photovoltaic performance under 

LEO-like stress conditions. The thermal cycling range of +150 to −150 °C was intentionally 

chosen to exceed typical LEO conditions (approximately +120 to −100 °C) to provide an 

accelerated yet conservative assessment of device thermal robustness. According to space 

qualification standards such as ECSS-E-ST-20-08C, thermal cycling tests are commonly 

designed to extend beyond expected operational limits to account for temperature overshoots, 

material property uncertainties, and long-term degradation mechanisms. By applying a wider 

temperature window, the present study aims to probe failure modes and stability margins 

relevant to harsh space environments, thereby ensuring the reliability of CsPbI2Br devices 

under realistic and worst-case mission scenarios [26].  

2. Results and discussions: 
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To achieve stable and high-quality CsPbI2Br perovskite films under ambient air 

conditions, we investigated the effect of substrate preheating during the fabrication process. 

Ambient-air processing was deliberately adopted to measure the feasibility of scalable, low-

cost fabrication routes beyond controlled glovebox environments. More details on the device 

fabrication can be found in the experimental section.  

As illustrated in Figure 1a, the films deposited without preheating at 60 °C for 10 min 

exhibited a weak and sloped absorption onset at 550 nm with a wider estimated bandgap of 

~2.35 eV. The absorption onset, occurring around 540-550 nm, corresponds to the CsPbBr3 

perovskite, as reported in previous studies [27]. This absorption edge is not as sharp as one 

would expect for a highly crystalline film. This behaviour indicates poor crystallinity of the 

non-preheated samples and likely the presence of a sub-stoichiometric or incomplete phase of 

CsPbI2Br. The corresponding film also displayed a light brown colour, in contrast to the dark 

brown appearance expected for a stoichiometric CsPbI2Br, and visible non-uniformities, as seen 

in the optical image inset [Figure 1(a)], consistent with suboptimal nucleation and growth 

dynamics during film formation. 

A significant improvement in optical and structural characteristics was observed upon 

introducing a 10-minute substrate preheating step at 60 °C before perovskite deposition. The 

preheated films (Figure 1b) exhibited a sharper absorption edge and a reduced optical bandgap 

of ~1.89 eV, indicating the formation of the perovskite phase CsPbI2Br, enhanced phase purity, 

and improved film morphology. The inset optical image shows a visibly smoother, dark-brown 

film with a sharp absorption onset around 650 nm, indicative of improved crystallisation 

kinetics. These findings are verified by X-ray diffraction (XRD) analysis (Figure 1c), which 

shows that the preheated films at 60 °C exhibit strong and well-defined (100) and (200) 

diffraction peaks, characteristic of the orthorhombic CsPbI2Br perovskite phase, as reported in 

previous studies [28]. Consistent with literature reports, pure CsPbBr3 exhibits its main 

perovskite (100) and (200) plane peaks at 15.45° and 29.98° (2θ), whereas CsPbI2Br shows 

these corresponding peaks at (14.8°, 29.65°). These systematic shifts reflect lattice expansion 

upon partial substitution of Br⁻ with larger I⁻ ions and support the assignment of the mixed-

halide phase [29, 30]. The presence of these peaks confirms successful crystallisation and 

preferential orientation in the vertical direction, which is desirable for efficient charge transport. 

Following CsPbI2Br precursor deposition on a pre-heated substrate, all films were subjected to 

a two-step post-deposition annealing process at 60 °C and 250 °C for 10 minutes each to 

promote complete crystallisation and stabilise the photoactive α-phase.  
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The preheating step facilitates evaporation of solvents like DMSO, leading to better 

spreading of the precursor and more uniform film coverage. Preheating also accelerates solvent 

evaporation during spin coating, facilitating faster nucleation, improved grain uniformity, and 

reduced defects. Without preheating, the films exhibited secondary phases, such as CsPbBr3, 

indicating incomplete reactions during the early stages of film development. Later, annealing 

at 60 °C and 250 °C allows iodine from the precursor to diffuse into the film, transforming 

intermediate phases into the desirable CsPbI2Br. However, this transformation is more 

favourable when the film has completely nucleated, which preheating helps to guarantee. These 

findings align with previous studies, which have shown that substrate preheating enhances film 

quality by increasing crystallinity, reducing defects, and improving phase purity [31-33]. 

Collectively, these results highlight the critical role of substrate preheating in promoting 

uniform nucleation and enhanced crystallinity, particularly under ambient processing 

conditions.  

 

 

Figure 1. Optical and structural characterisation of CsPbI2Br perovskite films fabricated under 

ambient air conditions. (a) UV–vis absorbance spectrum and optical image (inset) of a film 

deposited without substrate preheating, (b) absorbance spectrum and corresponding optical 

image of CsPbI2Br film fabricated with substrate preheating, and (c) XRD pattern of the 

preheated CsPbI2Br film. 

After successfully establishing a reproducible protocol for ambient-air synthesis of 

CsPbI2Br perovskite films, we assessed their photovoltaic performance under standard AM 

1.5G illumination. The devices were fabricated using an n-i-p architecture 

(Glass/ITO/SnO2/CsPbI2Br/Spiro-OMeTAD/Au), with CsPbI2Br serving as the absorber layer. 

This baseline characterisation step was essential before subjecting the devices to more 

demanding space-relevant conditions such as AM0-like spectral irradiance, vacuum, and 

temperature cycling. Figure 2(a) shows the J–V characteristics of the champion device 
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measured in both forward (FW) and reverse (RV) scan directions. The device shows J-V 

hysteresis, with improved performance in the RV scan direction. Specifically, the PCE 

increases from 4.92% (FW) to 5.73% (RV), primarily due to an improvement in the fill factor 

(FF), which rises from 51.92% to 62.15%. The open-circuit voltage (VOC) remains almost 

constant at 1.22 V in both directions, while the short-circuit current density (JSC) shows minor 

variation (–7.71 vs. – 7.53 mA/cm²). Box plots from Figure 2(b-e) support this trend across 

31devices, where RV-scanned devices consistently show enhanced performance in terms of 

PCE and FF, while VOC remain relatively stable. The relatively higher J–V hysteresis in n–i–p 

perovskite photovoltaic device architecture incorporating metal oxide (SnO2) and Spiro-

OMeTAD as charge transport layers has been previously reported [34-36]. This is particularly 

evident when ion migration is not deliberately suppressed through compositional engineering 

or interface passivation. The PCE of the CsPbI2Br devices in the present study matches that 

reported in previous studies where no interface engineering or compositional tuning was carried 

out [37, 38]. However, state-of-the-art CsPbX3 perovskite devices with additional fabrication 

steps, such as interfacial passivation, additive engineering, surface treatments, or optimised 

electron and hole transport layers, have achieved representative PCEs well above 10% [37, 38]. 

Moreover, the higher efficiencies reported for CsPbI2Br devices in the literature are typically 

achieved under conditions where the entire fabrication and measurement process was carried 

out inside a glovebox. The CsPbI2Br devices in the present study were fabricated and measured 

under ambient conditions, without deliberate humidity control or device encapsulation, to 

achieve structurally stable, highly reproducible devices as a controlled starting point for thermal 

cycling studies relevant to space applications.  

 

 

Page 7 of 29 Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

50
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SE01367D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01367d


8 
 

Figure 2: (a) Champion J–V curves of CsPbI2Br-based perovskite solar cells measured in 

forward (FW, black) and reverse (RV, red) scan directions under AM1.5G illumination. (b–e) 

Statistical box plots from 31 devices showing variation in (b) PCE, (c) FF, (d) VOC, and (e) JSC 

for FW and RV scans. In these statistical box plots, the width of the box represents the range 

where 25% to 75% of the data points lie, the middle horizontal line indicates the median 

(typical) value, and the whiskers show the boundary of typical data.  

The thermal resilience of CsPbI2Br solar cells for space applications was tested by 

exposing them to a complete thermal cycle under AM0-like illumination and a vacuum level of 

10-3 mbar, ranging from +150 °C to −150 °C [room temperature (RT) to +150 °C, down to 

−150 °C, and back to RT]. Figure 3a shows the evolution of the photovoltaic PCE and the 

corresponding performance parameters VOC, JSC, and FF in the FW and RV scan directions 

during the 30 °C/min temperature ramp. Additionally, before the AM0 thermal cycling test, 

device performance was characterised under AM1.5G illumination, both before and after the 

cycling exposure, as shown in Figure S2, to evaluate any baseline changes and verify device 

stability under standard terrestrial conditions. 

 

Figure 3. Thermal cycling behaviour of CsPbI2Br-based perovskite solar cells under AM0-like 

illumination. (a) Evolution of photovoltaic parameters (PCE, VOC, JSC, FF) during stepwise 

thermal cycling from room temperature (RT) to +150 °C, then down to –150 °C, followed by 

recovery to RT at a ramp rate of 30 °C/min. (b) Initial J–V curve of the device before thermal 

cycling, (c) Final J–V characteristics after thermal cycling, showing reduced JSC and FF, 
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indicating partial degradation, (d) EQE spectra and integrated JSC for thermally cycled and 

control devices, showing loss of photoresponse across the visible spectrum, (e) J–V curves of 

the thermally cycled device after 24 hours of recovery at RT. 

 

As shown in Figure 3a, the RV PCE dropped sharply compared to FW PCE during the heating 

phase, especially as the temperature approached 150 °C. Although some recovery and constant 

decrease in PCE were observed during the cooling phase, more constant recovery was observed 

during the deep cooling and warming-up phases. The final efficiency decreased to 16% in FW 

and 30% lower in the RV compared to the starting value, suggesting a performance loss. The 

photovoltaic parameters exhibit a non-linear temperature dependence, with distinct regimes 

characterized by varying rates of decrease in PCE and recovery. The breakdown of the PCE 

drop to photovoltaic performance parameters shows that this temperature-dependent 

performance loss is mainly driven by a substantial reduction in FF, especially in the RV scan, 

which falls considerably during heating and only partially recovers upon cooling. The JSC 

shows a relatively stable pattern throughout, with a fall during cooling but recovery during 

warming up. The VOC showed moderate variation, increasing slightly at the cooling phase due 

to suppressed non-radiative recombination, but not fully compensating for the FF loss. As 

temperature rises, thermally activated ion migration and interfacial degradation can become 

significant and can account for the observed non-linear dependence of photovoltaic 

performance with temperature [39]. Figures 3(b)–(e) summarise the J–V characteristics (AM0) 

and EQE behaviour of the G/ITO devices before, after thermal cycling, and after 24 h recovery. 

Figure 3b shows PCEs of 2.39% (FW) and 5.39% (RV) with VOC = 1.29 and 1.25 V and short-

circuit current density of JSC = 6.06 mA/cm² (FW) and 5.87 mA/cm² (RV). After the thermal 

cycling (Figure 3c), the PCEs decline to 2.0% (FW) and 3.8% (RV). This corresponds to FW 

and RV PCE retentions of ≈ 80 % and 70 %, respectively of the initial PCE, i.e., a relative drop 

of ≈ 20 % (FW) and ≈ 30 % (RV). VOC is only modestly reduced (from 1.27 V to 1.17 V, ΔVOC 

= 0.10 V) (FW) and 1.25 V to 1.2 V, ΔVOC = 0.05 V (RV), while JSC decreases from 6.06 to 

5.71 mA/cm² (FW) (ΔJSC = 0.35 mA/cm²) and 5.87 to 5.28 mA/cm² (RV) (ΔJSC = 0.59 

mA/cm²). The EQE spectra (Figure 3d) show that the devices retain a broad photoresponse 

across the 300–650 nm range, but the integrated JSC from EQE decreases (Control: 8 mA/cm² 

vs. Thermally cycled: 5.7 mA/cm²), consistent with the reduced JSC in the J–V curves. After 24 

h of storage in the dark at room temperature (Figure 3e), the thermally cycled G/ITO devices 

partially recover to PCEs of 2.01% (FW) and 3.85% (RV), i.e., they still retain 84.0% (FW) 

and 71.42% (RV) of their initial PCEs. This implies that, after thermal cycling under AM0 
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illumination and followed by a recovery phase of 24 hours, the G/ITO -based CsPbI2Br-based 

perovskite solar cells exhibit a permanent performance degradation of approximately 16-30% 

relative to their initial FW and RV scan PCEs.  

After analysing the photovoltaic properties of the G/ITO -based devices, we fabricated 

CsPbI2Br devices on FS substrates, which offer superior chemical purity and an ultra-low 

coefficient of thermal expansion (~0.55 × 10⁻⁶ K-1) [52]. The FS-based devices were 

characterised under AM1.5G illumination, and the photovoltaic parameters for 20 devices are 

provided in Figure 4. Notably, the champion FS device [Figure 4(a)] achieved a PCE of 6.31% 

(reverse scan), and 4.99 % under FW scan conditions, underscoring the suitability of FS as a 

stable and efficient substrate for CsPbI2Br solar cells under AM 1.5G. The results in Figure 

4(b)- (e) indicate trends in VOC, JSC, and FF similar to those observed on G/ITO substrates, 

suggesting that the substrate does not significantly affect the intrinsic device performance under 

AM1.5G illumination. Specifically, the FS-based champion device exhibited a VOC of 1.23 V, a 

JSC of 7.29 mA cm⁻², and an FF of 69.94%, resulting in a PCE of 6.31% under RV conditions. 

Building on this baseline, thermal cycling measurements were performed on FS devices to 

investigate their stability under temperature variations, as shown in Figure 5a. 

 

 

 

Figure 4: (a) J-V curves of the champion CsPbI2Br solar cells on FS substrates. Box plots of 

photovoltaic performance parameters of CsPbI2Br devices fabricated on FS substrate, measured 

under AM 1.5 G illumination: (b) PCE, (c) FF, (d) Voc, (e) Jsc. In these statistical box plots, 

the width of the box represents the range where 25% to 75% of the data points lie, the middle 

horizontal line indicates the median (typical) value, and the whiskers show the boundary of 

typical data.  
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From Figure 5(a), after the initial room temperature measurement, during the heating 

up phase, the devices exhibit slightly higher J-V hysteresis, which then gets minimised during 

the cooling phase, and thereafter the devices maintain a relatively modest but stable J-V 

hysteresis during the deep cooling and warming up phase.  VOC exhibits a small decrease 

consistent during cooling and stays constant for the subsequent phase, which is attributed to 

reduced recombination at low temperatures. JSC remains relatively constant across the entire 

thermal window, while FF—though affected during heating—demonstrates significant 

recovery during the cooling and warming up phases. The pronounced J–V hysteresis during the 

heating phase is largely attributable to changes in the FF and JSC. The overall thermal cycling 

behaviour of the CsPbI2Br devices on FS suggests that devices on FS can better withstand 

mechanical and electrical stress without drastic irreversible damage. 

 

 

Figure 5. Thermal cycling behaviour of CsPbI2Br-based perovskite solar cells fabricated on FS 

substrates under AM0-like illumination. (a) Evolution of photovoltaic parameters during 

stepwise thermal cycling from room temperature (RT) to +150 °C, then down to –150 °C, 

followed by recovery to RT. (b) Initial J–V curve of the device before thermal cycling under 

AM0, (c) Final J–V characteristics after thermal cycling, showing reduced photovoltaic 

performance parameters indicating partial degradation, (d) EQE spectra and integrated JSC for 

Thermally cycled and Control devices, showing relative low loss of photoresponse across the 

visible spectrum after thermal cycling, (e) J–V curve of the photovoltaic device after 24 hours 

of recovery at RT.  
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 Figures 5b and 5c illustrate the J–V curves of the FS devices before and after thermal 

cycling, respectively, under AM0-like illumination. Although the PCE decreases during the 

thermal cycling, it retains 80% of its initial value in the forward scan and 56% in the reverse 

scan. The PCE shows a moderate reduction from 2.22% (FW) to 1.78% (FW), corresponding 

to a retention of ≈80 %, whereas the PCE (RV) drops from 3.49% to 1.96%, leading to a 

retention of ≈56%. Also, the corresponding J-V curves of the thermally cycled devices show 

drastic S-shape behaviour, indicating charge accumulation and nonideal charge extraction at the 

transport layer interface [40]. This behaviour may result from a transient energy level 

misalignment at the perovskite/transport layer interface, induced by ion accumulation driven 

by thermal cycling. VOC remains nearly constant, decreasing from 1.16 V (FW) to 0.91 V (FW) 

(ΔVOC = 0.25 V), while JSC drops from 6.08 mA/cm² to 5.11mA/cm². Specifically, the integrated 

JSC from EQE [Figure 5(d)] declines only marginally from 6.6 mA/cm² (Control) to 6.1 mA/cm² 

(Thermally cycled), and this drop agrees with the drop in JSC, as shown in Figures 5(b) and (c).  

Figure 5(e) shows the J-V curves of the Thermally cycled FS devices after storage in the dark 

for 24 hours following the thermal treatment. In this recovery stage, the devices exhibited PCEs 

of 2.09% (FW) and 3.12% (RV), indicating partial restoration of performance following thermal 

treatment i.e., they recover 94% (FW) and 89% (RV) of their initial PCEs. This implies that, 

after thermal cycling under AM0-like illumination and followed by a recovery phase of 24 

hours, the FS-based CsPbI2Br-based perovskite solar cells exhibit a permanent performance 

loss of approximately 13-10% relative to their initial FW and RV scan PCEs. A comparison 

with the glass-based devices implies a more pronounced recovery in the FS devices. Overall, 

irrespective of the substrate selection, the CsPbI2Br devices undergo a drastic and permanent 

loss in photovoltaic performance after thermal cycling, with promising prospects for recovery 

during the 24-hour dark storage period, especially for the FS-based devices. 

To elucidate the temperature-dependent performance of CsPbI2Br devices, the influence 

of different mechanistic factors, such as the choice of substrates (glass vs FS)/ITO and 

functional layer architecture, was considered. Mechanical stress resulting from the mismatched 

thermal expansion of different functional layers within the device can play a key role in the 

temperature-dependent photovoltaic performance parameter. Inorganic substrates and charge 

transport layers such as glass, ITO, and metal oxides typically exhibit low coefficients of 

thermal expansion (CTE) (see Table 1). Organic layers typically exhibit higher thermal 

expansion due to their flexible molecular structure. However, the exact expansion rate (CTE) 

for doped Spiro-OMeTAD is not well-documented, which makes it hard to measure thermal 

mismatch directly. To address this, the glass transition temperature (Tg) of Spiro-OMeTAD 
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provides valuable insight into its thermomechanical behaviour. Cariello et al. [41] reported that 

doped Spiro-OMeTAD has a Tg of about 117–125 °C. Above this point, it becomes softer and 

rubberier, with greater molecular movement and thermal expansion. As the device heats up 

from room temperature to 150 °C, both Spiro-OMeTAD and the CsPbI2Br perovskite expand 

more than the underlying metal oxide and glass layers. This mismatch can create dissimilar 

strain at the buried interfaces: a compressive strain at the SnO2/perovskite and a tensile strain 

at the perovskite/Spiro-MeOTAD interface [42]. Thermal cycling can thus induce alternating 

tensile and compressive stresses that cause interfacial delamination and microcracking, leading 

to mechanical failures that disrupt charge transport pathways, increase series resistance, and 

result in FF loss and overall PCE drop [43-46]. Once the device cools below Tg, Spiro-

OMeTAD becomes rigid and glassy again, losing the ability to relieve built-up stress, which 

can exacerbate the damage. Although the gold contacts are more flexible, they can still suffer 

from edge peeling or wrinkling, which can adversely affect charge collection.  

To gather evidence of mechanical failures of thermally cycled devices, the 

morphological characterisation of the top Au electrode has been carried out for the devices 

fabricated on both the glass and the FS substrates. The corresponding SEM images are shown 

in Figure S3 (a)-(d) & (e)-(h). After thermal cycling, the relatively smooth edges of the Au 

electrode become more granular, with the appearance of clear cracks and less interconnection. 

Also, the Au electrode’s fine uniform granular distribution changes to a non-uniform 

distribution of different and larger domain sizes. These observations on the Au electrode edges 

and top are mostly similar for the devices fabricated on glass and FS substrates. However, the 

domains are more non-uniform and larger in the case of the Au electrode on the FS substrate. 

This can be due to the larger CTE mismatch in FS, which leads to high elastic strain energy and 

accelerated grain growth to relieve the strain. These microcracks, domain growth and loss of 

interconnection of the Au electrodes at the edges of the pixels can cause increased series 

resistance, reduced shunt resistance, and poor FF, thus accounting for the observed permanent 

performance loss of the CsPbI2Br films on G/ITO and FS/ITO substrates. Increased series 

resistance of the thermally cycled devices is evident from Figures 3(b) & (c) and 5 (b)& (c).    

Table 1: Coefficient of thermal expansion (CTE) corresponding to different layers of the 

perovskite solar cell 

Layer Approx. CTE (×10⁻⁶ K⁻¹) Reference 

Soda-lime glass 8-9 47 

ITO 7–8 48 
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SnO₂ 8-12 49 

CsPbI2Br  30–80 (anisotropic) 50 

Gold (Au) 13-22 51 

Fused Silica 0.55 52 

To further assess the substrate-dependent thermal stability of CsPbI2Br-based 

perovskite solar cells, we investigated the temperature coefficient of photovoltaic parameters 

(PCE, JSC, VOC, and FF) under heating and cooling stages: RT (≈20 °C) to 150 °C, and RT to –

150 °C (Figure S4). The changes were calculated using.  

 

 

Where Ri and Rf represent the initial and final parameter values, and ΔT is the temperature 

difference. The temperature coefficient of photovoltaic parameters (ΔPCE, ΔVOC, ΔJSC, and 

ΔFF) of CsPbI2Br devices fabricated on glass and FS substrates under heating (RT → 150 °C) 

and cooling (RT → -150 °C) thermal cycles reveals distinct substrate-dependent behaviour 

[Figure S4]. During both heating and cooling cycles, the performance parameter at RT is taken 

as the initial parameter and the value at 150°C (heating) and -150°C (cooling) as the final 

parameter. For ΔT, only the absolute value (no sign convention) of temperature difference is 

considered. So, a negative and positive temperature coefficient imply performance decrease 

and increase, respectively, with respect to the heating or cooling for the temperature interval 

considered. The reverse scan performance parameters were specifically used for the estimation 

of the temperature coefficient of performance parameters, considering their better J-V curve 

shape from Figures 2-5.  

 During heating (RT → 150 °C), both glass and FS-based devices exhibit a reduction in 

PCE, with comparable negative temperature coefficients (−4 × 10⁻³ /°C for glass and −3.4 × 

10⁻³ /°C for FS), arising from small temperature-dependent variations in VOC, JSC, and FF. In 

contrast, during the cooling phase (RT → −150 °C), FS-based devices show a very small 

negative temperature coefficient (−1.1 × 10⁻⁴ /°C), indicating that the PCE remains nearly 

constant following its initial reduction during heating [Figure: 5a)]. Glass-based devices, 

however, exhibit a larger negative temperature coefficient (−6.7 × 10⁻³ /°C), reflecting a 

stronger temperature dependence and partial recovery of performance at lower temperatures 

[Figure: 3a]. The relatively large negative temperature coefficient of PCE observed for glass 

substrates is primarily attributed to contributions from FF (−2.3 × 10⁻³ / °C), JSC (−1.7 × 10⁻³ / 

°C) and Voc (−9.1 × 10⁻4 / °C) as given in Figure S4.  

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 𝒐𝒇 𝒑𝒆𝒓𝒇𝒐𝒓𝒎𝒂𝒏𝒄𝒆 𝒑𝒂𝒓𝒂𝒎𝒆𝒕𝒆𝒓 (𝑹)[𝒖𝒏𝒊𝒕: /°𝑪]  =
𝟏

𝑹𝒊
(

𝑹𝒇−𝑹𝒊

∆𝑻
)  
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The thermal cycling data in Figures 3a and 5a allow a direct distinction between reversible 

temperature-dependent behaviour and irreversible performance loss. Glass-based devices show 

a RV PCE drop from 5.39% to 2.47% during heating (RT to 150 °C), followed by a partial 

recovery toward 3.44% during cooling to RT - (-150°C). This recovery demonstrates that a 

significant portion of the heating-induced loss is reversible. However, the fact that the PCE 

does not fully recover to its initial value indicates that an irreversible performance loss 

component is also present. In contrast, FS-based devices show a PCE drop from 3.49% to 

1.90% during heating (RT to 150 °C) with no recovery during cooling from RT - (-150°C), 

indicating that the loss incurred is predominantly irreversible during the thermal cycling. Thus, 

the very small temperature coefficient of PCE for the FS devices during the cooling phase 

reflects an absence of recovery rather than an absence of degradation. These observations 

suggest that while FS substrates may resist deformation due to their lower coefficient of thermal 

expansion (CTE), the corresponding photovoltaic devices experience a more irreversible loss 

in performance during thermal cycling, whereas glass-based devices retain some degree of 

thermally reversible behaviour. This behaviour is also evident from the J-V curves of the 

corresponding devices immediately after thermal cycling experiments [Figures 3(c) & 5(c)]. 

To further investigate the impact of thermal cycling on operational stability, steady state 

(maximum power point tracking, MPP) PCE were measured under continuous AM0-like 

illumination (Figure S5). For devices on glass, thermal cycling decreases the PCE from 2.09% 

to 1.8 %. In contrast, devices on FS substrates showed a significant stability following thermal 

stress, PCE just dropping from 2.40% to 2.32%.  

To gain a deeper understanding of the performance disparity between CsPbI2Br devices 

on glass and FS substrates under space-grade thermal cycling conditions, partial 

heterostructures of CsPbI2Br films were fabricated on the respective substrates (G/ITO and 

FS/ITO), and detailed microstructural characterisations were performed. Figures 6 (a) and (b) 

display the XRD patterns of CsPbI2Br films deposited on glass and FS substrates, Control and 

Thermally cycled (Ramp = 30 °C/min, AM0, vacuum). For both substrates, the XRD patterns 
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are dominated by the (100) and (200) peaks of the CsPbI2Br perovskite phase, confirming 

preservation of the crystalline structure after thermal treatment [28].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Structural and optical characterisation of CsPbI2Br perovskite films deposited on 

different substrates before (Control) and after thermal cycling (Ramp = 30 °C/min.) under 

AM0-like illumination and vacuum. (a) XRD patterns of CsPbI2Br films on G/ITO, (b) XRD 
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patterns of CsPbI2Br films on ITO-coated FS substrate, (c) UV-vis absorbance spectra of glass-

based samples, (d) absorbance spectra of FS-based films. Scanning electron microscopy images 

of the CsPbI2Br films on G/ITO (e) before thermal cycling and (f) after thermal cycling (ramp 

= 30 °C/min); (g) CsPbI2Br films on FS/ITO before and (h) after thermal cycling. 

However, a noticeable difference is observed in the intensity of the peaks on the G/ITO 

substrate: the intensity of the (200) peak significantly increased after thermal cycling (red 

curve), indicating improved crystallinity or a possible preferred orientation along the (200) 

plane (Figure 6a). This could result from thermally driven grain reorganisation or partial 

recrystallisation [53]. Quantitatively, the intensity ratio I(200)/I(100) is markedly substrate-

dependent: glass samples exhibit a high preferential growth along (200) with a ratio of 2.55 

(both Control and Thermally cycled), whereas FS samples show no such preferred growth 

orientation, indicated by ratios of 0.81 (Control) and 0.82 (Thermally cycled). The high and 

persistent intensity ratio of I(200)/I(100) peaks on glass is essentially unaffected by the applied 

thermal cycle. By contrast, the low intensity ratio of I(200)/I(100) peaks on FS indicates marginal 

dominance of the (100) orientation. In short, the FS samples (Figure 6b) exhibit only a minimal 

change in peak intensity or width, indicating a higher structural stability of CsPbI2Br films 

under identical thermal cycling conditions. A shift of the (100) peak from 14.73° to 14.70° is 

also observed for the thermally cycled CsPbI2Br films on G/ITO substrate compared to the 

control, indicating minor lattice expansion likely due to strain relaxation or halide 

reorganisation during thermal cycling, consistent with previous reports on mixed-halide 

perovskites [54]. The (100) and (200) peak positions remained essentially unchanged [29.93° 

to 29.92° for (200)] for CsPbI2Br films on a FS substrate/ITO, indicating high structural 

stability, which could be due to the much lower CTE of the FS substrate causing less 

deformation to the CsPbI2Br films during the thermal cycling process. Overall, the α-phase 

structure remains intact for CsPbI2Br on both substrates, and no secondary phases are detected. 

In addition to these main peaks, low-intensity XRD peaks are visible at 29.2° and 30.2°, which 

also undergo noticeable changes after thermal cycling. For the glass substrate-based CsPbI2Br 

films, the peak at 29.2° seems to have evolved after thermal cycling, whereas for the CsPbI2Br 

films on the FS substrate, the peak at 29.2° is very weak for both controlled and thermally 

cycled samples. Additionally, there is a peak around 30.2° for CsPbI2Br films grown on both 

substrates, which undergo markedly visible changes, getting slightly broader after thermal 

cycling. This indicates the possible microstructural evolution of CsPbI2Br films, such as grain 

growth, strain relaxation and texture changes (discussed further below in the SEM section) 
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introduced during the thermal cycling. The peak assignment at 30.2° is done with caution as 

ITO has a strong (222) XRD peak around this 2θ value [55].  

The absorbance spectra of the partial heterostructures (Glass or FS/ITO/CsPbI2Br) are 

shown in Figures 6(c) and (d). In the case of glass (Figure 6c), the thermally cycled film shows 

a slight reduction in absorbance across the visible spectrum compared to the Control structure.  

This could be associated with surface or bulk degradation, leading to a lower optical density. 

Meanwhile, the absorbance profile of the FS sample (Figure 6d) remains virtually unchanged 

in both shape and intensity, in agreement with the structural stability revealed by the XRD 

analysis. The bandgap also remains stable (1.89 eV), indicating that the optoelectronic 

properties are preserved after thermal cycling for the CsPbI2Br films on FS substrates.  

 The surface morphology of the Control and thermally cycled CsPbI2Br films on G/ITO 

substrates is shown in Figures 6(e) and 6(f), with higher-resolution images provided in Figure 

S6. The FESEM images reveal relatively uniform perovskite grains in both cases. After thermal 

cycling, the films exhibit slightly more edge contrast, along with the appearance of some void-

like features. However, the overall morphology remains largely unchanged, indicating that the 

glass-based films retain their microstructural integrity under the applied thermal stress. This 

behaviour is consistent with the XRD results, where the I (200)/ I (100) ratio remains high (2.55), 

suggesting stable preferred orientation and crystallinity. 

In contrast, CsPbI2Br films deposited on fused silica (FS) [Figures 6(g) and 6(h)] exhibit 

a more pronounced morphological evolution upon thermal cycling. The control sample (Figure 

6g) shows relatively compact grains with smoother features, whereas the thermally cycled film 

(Figure 6h) develops finer-scale structures and increased surface heterogeneity, along with 

more noticeable contrast and altered texture. This indicates that, unlike glass, FS-based films 

undergo microstructural rearrangement under rapid thermal cycling. Despite minimal changes 

in XRD peak intensity and the nearly constant I (200)/ I (100) ratio (0.81–0.82), these SEM 

observations suggest that structural changes occur at the mesoscale that are not fully captured 

by bulk crystallographic analysis. This morphological evolution may account for the 

performance loss (and increased series and shunt resistance) observed in FS-based devices after 

thermal cycling (Figure 5c). Such behaviour is consistent with previously reported temperature-

dependent studies of CsPbI2Br films and related inorganic perovskites. Thermal annealing is 

known to induce pronounced morphological evolution, including increased surface roughness 

and microstructural rearrangement at elevated temperatures, driven by enhanced ionic mobility 

and thermally activated phase processes [56]. In addition, the crystallisation dynamics of 
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CsPbI2Br films are highly temperature-dependent, where variations in grain size and film 

morphology play a critical role in determining device performance [57]. 

 To understand the recombination and charge extraction properties of the photogenerated 

charge carriers in pristine and thermally cycled samples, light intensity-dependent J-V 

characteristics were measured for CsPbI2Br devices fabricated on both glass and FS substrates.  

The VOC scales with light intensity [Figure 7 (a and b)] according to [58]: 

VOC =
nkT

q
ln (

IL

I0
+ 1) 

                                                      (1) 

At high light intensity 

 VOC ≈
nkT

q
ln (

IL

I0
)                                                             (2) 

Since IL ∝ light intensity (ideal behaviour) 

VOC ∝  
nkT

q
log (light Intensity)                                         (3) 

and from the slope, we can extract n, 

n =
q

kT(log10)
 × (slope)                                                       (4) 

where n is the ideality factor, k is the Boltzmann constant, T is the temperature, q is the 

elementary charge, IL is the light-generated current, and I0 is the dark saturation current. The 

slope of VOC versus log(I) yields n, which reflects the dominant recombination mechanism. 
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Figure 7: Light-intensity-dependent (a, b) VOC, and (c, d) JSC, for CsPbI2Br solar cells 

fabricated on glass (G) and FS substrates under Control, Thermally cycled, and recovery 

conditions. Transient photocurrent decay curves for CsPbI2Br solar cells fabricated on (e) glass 

and (f) FS substrates under Control, Thermally cycled, and recovery conditions. Cole–Cole 

plots from dark impedance measurements are shown in (g) and (h) for the respective devices, 

providing insight into charge transport and recombination behaviour. 
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For FS-based devices [Figures 7 (a and b], the ideality factor, n, is 2.56 for the Control, 

which increases to 2.95 for the Thermally cycled samples and reaches 4.33 in the recovery 

devices. This progressive rise in ideality factor indicates the activation of non-radiative 

recombination pathways and potential transport limitations induced by combined light and 

thermal stress [59]. In contrast, glass-based devices exhibit relatively stable ideality factors of 

around 2.2–2.4 across all conditions, which is still higher than the n = 1 for bimolecular 

recombination, indicating the dominance of monomolecular, trap-assisted recombination 

processes. In Figure 7 (c and d), the JSC shows a nearly linear dependence on light intensity for 

both substrates, consistent with a power law relationship JSC ∝ l α, where α∼1 [56]. This 

linearity indicates minimal charge accumulation due to space charge effects in the devices.  

Transient photocurrent (TPC) measurements (as shown in Figures 7e and f) were carried 

out on both Glass/ITO -based and FS substrate-based devices, as these measurements can reveal 

carrier extraction dynamics and the effect of trapping/recombination, especially at the 

perovskite/transport layer interfaces. Both Control and Thermally cycled devices on G/ITO 

substrates exhibit rapid current decay (~15 μs), indicating relatively rampant charge extraction 

with minimal trapping. In contrast, the device that went into recovery generates a long-lived 

tail, characteristic of trap-assisted recombination. This implies that the recovery process, rather 

than healing, yields additional trap states—likely due to interfacial strain or unfavourable 

interactions between the perovskite and transport layers or due to the degradation of the 

photoactive layer over time. These traps can slow down extraction kinetics by transiently 

capturing carriers and extending their lifetime in the device. 

On FS substrates, the picture is flipped. The Control device shows lagging extraction 

with continuous photocurrent tails, contemplating a high density of trap states that impede 

carrier transport. Thermal cycling and recovery shorten the decay, indicating reduced trapping 

and more efficient extraction pathways. The recovery-treated FS device exhibits the fastest 

kinetics, returning to baseline within ~15 μs, consistent with trap passivation and enhanced 

carrier mobility. This improvement may arise from better structural relaxation and reduced 

interfacial defect formation when the perovskite is coupled with FS, which has different thermal 

expansion and surface chemistry than glass. 

To corroborate the experimental observation from the TPC measurements, impedance 

measurements (under dark conditions) were carried out on the respective devices. Figure 7 (g) 

shows the Cole-Cole plots of the impedance spectra of the Control, Thermally cycled and 

recovery devices on G/ITO substrates. The Cole-Cole plots were fitted with the equivalent 

circuit shown in the inset of Figure 7(g). The Rs corresponds to the series resistance, R1 is the 
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electronic resistance (transport resistance), C1 is the geometric capacitance, R2 is the ionic 

resistance, and CPE is the constant phase element and, in this case, represents the ionic 

capacitance [60,61]. 

The fit parameters are given in Tables S1 and S2. For the G/ITO based devices, as shown 

in Table S1, the series resistance of the Thermally cycled and ‘recovery stage’ devices has 

slightly increased compared to the Control samples. Even though the geometric capacitance 

remains almost the same across the devices, the electronic resistance is drastically reduced for 

the Thermally cycled sample (4.9 MΩ) compared to the Control devices (7.4MΩ). In contrast, 

for the recovery phase devices, the electronic resistance (11 MΩ) is even higher than that of the 

Control devices. The low electronic or transport resistance of the thermally cycled devices can 

be correlated to the enhanced crystallinity of the perovskite active layer, as shown in Figure 

6(a). The high electronic resistance of the recovery phase devices is consistent with the very 

slow charge extraction observed for the corresponding devices, as shown in the TPC 

measurements [Figure 7(e)]. In addition to the electronic resistance changes, the ionic 

resistance has also drastically decreased for the Thermally cycled and recovery phase devices 

(from 5 kΩ to 2 kΩ), with a corresponding decrease in ionic capacitance (from 15 nF to 8 nF).  

The decrease in ionic transport resistance and ionic capacitance implies that for the thermally 

cycled and recovery phase devices, the transport of ions and vacancies is favoured with a 

reduction in the interface charge accumulation, supporting the permanent performance 

degradation observed in these devices after thermal cycling.  

The Cole-Cole impedance spectra analysis of the devices on FS substrates is shown in 

Figure 7(h). Like G/ITO based devices, the FS-based samples also exhibit a reduction in 

electronic or transport resistance for the Thermally cycled sample (8.5 MΩ) compared to the 

Control (24.6 MΩ).  In contrast, for the recovery samples, the electronic resistance is closer to 

that of the Control sample (Table S2).  The high electronic resistance of the Control devices 

aligns with the relatively longer charge extraction times for the corresponding devices, as 

revealed in the TPC measurements [Figure 7(f)]. The decrease in ionic transport resistance 

(from 3 kΩ to 1 kΩ) and increase in ionic capacitance (from 1 nF to 50 nF) imply that for the 

Thermally cycled and recovery phase devices, the transport of ions and vacancies is favoured, 

but with enhanced interface charge accumulation. The higher thermal expansion coefficient 

mismatch between the substrate and the different functional layers may be causing higher 

internal stress, damaging the transport and contact layers (as seen from Figure S3), and hence 

the possible charge accumulation at the buried interfaces.  Considering the relatively stable 

microstructure of the perovskite active layer on the FS substrate, as discussed above in the 
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microstructural characterisation, this enhanced ionic capacitance may be due to degradation of 

the transport layers, specifically Spiro-MeOTAD. However, a further detailed cross-sectional 

layer-by-layer investigation is required to quantify the contribution of each functional layer in 

the observed performance degradation of G/ITO and FS/ITO-based CsPbI2Br devices due to 

space-grade thermal cycling process.  

Conclusion: 

This study demonstrated that substrate preheating is essential for producing phase-pure, 

crystalline CsPbI2Br films under ambient processing conditions, enabling promising 

photovoltaic performance. Furthermore, our results revealed the critical influence of substrate 

selection on the thermal cycling stability and overall performance of CsPbI2Br perovskite solar 

cells under simulated space conditions. Although CsPbI2Br solar cells fabricated on both glass 

and FS substrates exhibit comparable photovoltaic performance under AM0-like illumination, 

in situ thermal cycling measurements show that, under combined stressors—thermal cycling, 

AM0 illumination, and vacuum—the extent of performance degradation and recovery strongly 

depends on the choice of substrate type. 

Temperature-coefficient analysis of photovoltaic performance parameters during 

thermal cycling enabled a clear distinction between reversible temperature-dependent 

behaviour and irreversible performance loss for glass vs fused silica (FS)-based substrates. 

During thermal cycling, FS-based devices exhibited greater irreversible photovoltaic 

performance loss than those on glass, whereas the reversible performance for devices on glass 

was superior to that on FS substrates. Additionally, the CsPbI2Br films on FS substrates showed 

altered surface morphology, whereas the films on glass devices exhibited very similar 

morphological features before and after thermal cycling. However, after a 24 h recovery period, 

the FS-based devices showed enhanced performance recovery compared to the devices on the 

glass substrates.   
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