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Abstract  
[bookmark: _Hlk231897110]Perovskite solar cells (PSCs) show critical thermo-mechanical and defect mediated degradation at interfaces, limiting their deployment in terrestrial high-temperature and space-like environments.  This study presents a dual-function interfacial passivation strategy that combines nanoparticle cerium oxide (CeOx) with phenylethylammonium iodide (PEAI) to form a hybrid surface treatment (PC) for poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) based n-i-p PSC architecture, where defect passivation is complemented by redox coupling and enhanced thermal stress stabilization.  Optimized PC-treated devices achieved a champion efficiency of 25.3% and exhibited superior operational stabilities under continuous 1 SUN light soaking and 85℃/85% RH damp heat respectively.  To probe the engineered interface mechanistically, we employed an accelerated thermal shock (TS) cycling to mimic low Earth orbit (LEO) relevant thermal cycling condition.  Under realistically simulated TS conditions of cycling temperature between 80℃ to -80℃ and 16℃/min ramp rate transition, PC-treated devices retained 95% of initial efficiency after 100 cycles of TS, showing superior stability compared to their counterparts without CeOx.  Collectively, this work highlights a new insight into dynamic thermal fatigue in PSCs and introduces a practical route towards thermally resilient, high efficiency perovskite photovoltaics. 














1 Introduction  
Perovskite solar cells (PSCs) have emerged as a leading photovoltaic technology, showing promise for cost-effective, scalable production.1, 2  Despite this progress, their deployment is still constrained by instabilities associated with defect mediated and thermo-mechanical degradation at interfaces.  In particular, interfacial strain accumulation, volatile ion migration, and local bond reconfiguration under temperature stresses can generate deep traps, phase segregation, and ultimately micro-cracking and delamination, which collectively limit operational stability even when encapsulated or barrier strategies are employed.3, 4  These challenges can especially be severe at the perovskite/transport layer interfaces, where mismatches in thermal expansion, bonding chemistry, and electronic structure amplify both mechanical and electronic failure modes.4, 5  As a result, there is an urgent need for materials engineering strategies that simultaneously stabilize interfacial chemistry, relieve thermo-mechanical stress, and suppress defect formation under realistic dynamic thermal conditions.  
Among various approaches, organic-inorganic interfacial passivation layers have proven effective in reducing non-radiative recombination and enhancing device stability.  However, their ability to withstand aggressive thermal cycling remains limited.  Phenethylammonium iodide (PEAI) is widely known to suppress trap states through its quasi-2D surface formation and defect passivation, yet PEAI-only passivation can surfer from structural relaxation and partial decomposition under thermal stress, which ultimately compromises on long-term stability.6-8  Likewise, inorganic oxides such as Al2O3 provide chemical robustness but often lack sufficient electronic interaction with the perovskite surface to fully mitigate recombination and thermally-induced defect formation.9, 10  These observations highlight that single-function passivation layers are generally inadequate to address the coupled chemical and mechanical degradation pathways that emerge under repeated thermal fluctuations.
[bookmark: _Hlk231911626]In this work, we present a dual-function interface passivation strategy that combines PEAI with nanoparticle cerium oxide (CeOx) to form a hybrid interface treatment referred to as PC, as shown in (Figure S1), for both defect passivation and thermo-mechanical robustness.  Although PEAI and Al2O3 metal oxide modification are individually well established, our results reveal that the choice of oxide critically determines interfacial function.  While PEAI provides electronic and ionic passivation at the perovskite surface, CeOx offers a redox coupling, oxygen vacancy rich framework that stabilizes Pb-I bonding, buffers thermally-induced interfacial reactions, and mitigates stress-driven cracking at perovskite interface.  By integrating these complementary functions, the PC-passivated architecture is designed to provide superior suppression of defect generation and accommodate interfacial strain under harsh operational conditions, achieving a PCE of 25.3% for PTAA-based n-i-p architecture, while exhibiting very high operational stabilities relative to the benchmark PEAI-Al2O3, thereby extending both efficiency and stabilities beyond what either components can achieve alone.  
Having established the fundamental thermo-mechanical robustness of the PC interface, we extended our investigation to the highly demanding frontier of space photovoltaics.  Recently, deploying PSCs in Low Earth Orbit (LEO) has emerged as a crucial research area due to their exceptional power-to-weight ratio and defect tolerance.11  However, the actual LEO environment imposes unprecedented, rapid thermal fluctuations, specifically, alternating between extreme heat and cold approximately every 92 minutes, aggressively accelerating mechanical fatigue, phase segregation, and interfacial delamination far beyond what conventional terrestrial testing can simulate.12 
[bookmark: _Hlk233203211]Therefore, to rigorously validate and mechanistically probe the ultimate limit of our dual-passivation strategy against these emerging space demands, we employed an accelerated thermal shock (TS) conditions (-80℃ to +80℃, 16°C/min, 100 cycles), that mimics LEO relevant thermal shock conditions.  Under this severe stress test, PC-passivated devices retained over 95% of their initial efficiency, whereas control devices without CeOx exhibited greater performance loss and surface cracking.  For the first time, we have also investigated in situ correlation between degradation dynamics with cycle ramp rates, revealing how rapid (16°C/min) and slow (5℃/min) thermal ramp transitions differently influence interfacial stability.  By correlating device performance with comprehensive analysis, we establish how this dual-function passivation strategy governs the kinetics of defect formation, interfacial redox buffering, and thermo-mechanical fatigue.  This combined materials engineering and accelerated testing framework provides a generalizable route to designing and validating perovskite interfaces, while also demonstrating the suitability of the PEAI-CeOx strategy for both terrestrial high-temperature operations and the challenging space-like thermal fluctuation environments.


2 Results and Discussion 
Charge Carrier Dynamics and Perovskite Structural Integrity 
[bookmark: _Hlk231911694]Cerium oxide (CeOx) have previously been explored as an electron transport layer (ETL) in PSC architectures.13, 14  However, its deployment as a surface modification directly on top of the perovskite absorber to enhance interfacial passivation, device performance, and thermal shock stability constitutes a mechanistically distinct and novel strategy advanced by this work. Known for its thermal endurance and wide bandgap, CeOx is particularly effective in passivating perovskite films under heat and light stress.  Its intrinsic oxygen vacancy formation, which results from heating or exposure to reducing environments, contributes to the reduction of Ce4+ to Ce3+ and vice versa, to maintain charge neutrality (Figure S2), enabling efficient defect passivation, stabilizing surface charges by interacting with under-coordinated Pb2+ sites, mitigating oxidative degradation, and also exhibits exceptional radiation hardness, making it ideal for space applications.15-18  For benchmarking, aluminum oxide (Al2O3), a conventional metal oxide known for its surface passivation effectiveness in PSCs was also evaluated to demonstrate that the choice of metal oxide is decisive for mitigating thermo-mechanical stresses in this study.10, 19-22  
Beginning from an interface design perspective, we first optimized the PEAI-CeOx (PC) dual-passivation layer to simultaneously enhance interfacial quality and device performance.  By systematically varying CeOx loading within a fixed PEAI matrix and tuning the PEAI concentration, we established an optimal passivation composition window in which defect suppression, charge carrier generation and extraction, and interfacial coupling are maximized.  Detailed optimization process has been provided in Supplemental Information (Table S1 and S2).  
To elucidate the impact of CeOx incorporation into PEAI on charge carrier recombination dynamics, steady-state photoluminescence (SSPL) measurements were conducted on quartz/perovskite/passivation samples across the conditions consisting of reference (without passivation), CeOx-only, Al2O3-only, PEAI-only, PEAI-Al2O3 (PA), and PEAI-CeOx (PC).  Interestingly, the SSPL results, exhibited a higher  PL intensity for the CeOx-only treated samples than Al2O3-only, implying CeOx is more effective at reducing non-radiative recombination losses and improving optoelectronic properties (Figure 1a).23  Notably, the integration of metal oxides with PEAI was observed to further improve                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             PL intensity, with the PC treatment yielding the strongest emission, surpassing that of PA, highlighting CeOx’s superior passivation effect.  Additionally, time-resolved photoluminescence (TRPL) analysis further confirms PC-passivated films exhibits the longest average decay lifetime of 0.635 µs compared to the PA (0.594 µs), PEAI-only (0.586 µs), CeOx-only (0.333 µs), Al2O3-only (0.30 µs), and the reference (0.172 µs) samples (Figure 1b and Table S3).  The observed lifetime of PC means that defects at the PC-passivated perovskite surface was most effectively suppressed, underpinning its contribution to enhance photovoltaic (PV) performance.24, 25
Furthermore, the influence of the treatments on the crystallinity, and structural integrity of the perovskite films were investigated using X-ray diffraction spectroscopy (XRD).  All passivation conditions including PC were observed to preserve the perovskite’s crystalline phase without inducing any significant structural changes (Figure 1c).   The full width at half maximum (FWHM) analysis of the (100) peak shows a slightly narrowed peak from 0.1630 in the reference sample to 0.1575 in the PC, however, this minor reduction is too small to conclusively indicate an improvement in film crystallinity, hence, suggesting minimal influence on crystallinity (Table S4).  However, a more crystalline PbI2 phase was observed in PC-passivated samples, attributing to improvement of crystal-phase control and contributes to thermal stability (Figure S3).26  
To corroborate the XRD findings, scanning electron microscopy (SEM) analysis was conducted on the perovskite surfaces after the various treatments were applied (Figure 1d). Notably, there is no discernable difference between PEAI-only and PC.  This consistency in morphological appearance across all samples supports the XRD data, hence, surface morphology and crystallinity of the perovskite films remain stable and unaffected by the passivation treatments.

Performance metrics of passivated devices and operational stabilities 
[bookmark: _Hlk231828867]Photovoltaic performance analysis (Figure 2a-d and Table S5) demonstrates that individual surface passivation of the perovskite layer with CeOₓ and Al₂O₃ nanoparticles yields notable efficiency gain over reference (without passivation) devices.  Specifically, the PCE improves from 21.6% for the reference to 22.5% and 22.4% with CeOₓ and Al₂O₃ treatments, respectively, exhibiting comparable peak efficiencies and indicating that both metal oxide layers effectively enhance device performance through reduced interfacial recombination and improved charge extraction as observed in complementary characterizations.  While CeOx and Al2O3 performance metrics fall within the statistical margin of error typical for PSCs, they exhibit slightly higher performance compared to reference cells.  Combination of these individual metal oxides with PEAI significantly boosts the FF and marginally increases VOC, compared to the PEAI-only treated sample, indicating further enhancement in charge extraction and a more reduced recombination.  In particular, the PC devices achieved superior metrics, recording the highest VOC of 1.18 V, JSC of 25.8 mA/cm², FF of 82.6%, and highest PCE of 25.3% for PTAA-based n-i-p PSCs, surpassing the PA (24.2%) and PEAI-only (23.7%) treated devices in the reverse scans (Figure 2a-d).  The statistical efficiencies of optimized PC passivation showed an average PCE of 24.89% (Figure S4).  Detailed metrics for each passivation condition have been outlined, and average photovoltaic parameters have also been represented (Figure S5 and Table S6).  In light of recent report of n-i-p PTAA-based PSCs reaching the 26% efficiency regime, the performance attained with PC-passivation represents a significant step toward state-of-the-art device performance without sacrificing efficiency (Table S7, and Figure S6).27 
To elucidate how the optimized PC-passivation modulates device performance, we investigated the optoelectronic response of the treated devices.  External quantum efficiency (EQE) spectra demonstrates that PC significantly enhances the photocurrent collection response in the longer wavelength range between 680 nm and 780 nm (Figure 2e).  Absorption spectrum of PC treated perovskite films was also slightly increased within the wavelength specific regions of the EQE, contributing to the observed improvement in photon absorption (Figure S7).  Furthermore, the integrated JSC calculated from the EQE spectrum is 25.6 mA/cm², closely matching the measured JSC from the J-V curve plot (25.8 mA/cm²) within a 0.8% margin, affirming the reliability of both EQE and J-V measurements.28, 29   
Electroluminescence-based external radiative efficiency (ERE) measurements were conducted on full devices to further assess the improvements in defect passivation which translated to the observed increase in VOC.    ERE is shown as a function of the injection current density for the PEAI, and the PC treated cells (Figure 2f).  While the reference device showed EREs in the range of 1  10-4 to 5  10-4, both the PEAI and the PC treated cells exhibited values in the 0.01 to 0.05 range, with the PC-treated devices performing the best.  These measurements revealed that the voltage deficit from the radiative limit, given by kBTln[ERE]30, where kB and T are defined as the Boltzmann constant and temperature, respectively, at a current density of 25 mA/cm2 is just 83 mV for the PC-treated cell.  The relationship between VOC and light intensity measured in the dark also showed PC record slope of 1.75 kBT/q in contrast to 2.16 kBT/q for PEAI, where q is the elemental charge, indicate that the PC treatment for these devices is superior to other treatments where non-radiative recombination losses via defects and traps are minimized with PC treatment (Figure S8).28, 31, 32
Furthermore, dark current density-voltage (I-V) characteristics for PEAI and PC indicate PC-passivated devices exhibited a relatively lower leakage current arising from a lower trap state than PEAI (Figure 2g).  PC also exhibited higher shunt resistance in the near zero voltage regions than the PEAI-only passivation, implying that PC is an effective passivation for suppressing non-radiative recombination and leakage pathways than PEAI-only.33  In addition, a Nyquist impedance measurement in the dark also revealed higher recombination resistance in PC-passivated PSCs than for PEAI-only (Figure 2h).  A larger recombination resistance implies that charge carrier recombination is significantly suppressed in PC-passivated devices which contributes to the observed improvement in the VOC and FF observed in PC-passivated PSC devices (Figures 2b-d).22 
[bookmark: _Hlk231742226][bookmark: _Hlk231742561]PSC device stabilities under maximum power point tracking (MPPT) at room temperature (25°C) under continuous 1 SUN illumination (100 mW cm-2) were investigated for 1100 hours with PC-passivated devices demonstrating the highest stability, retaining 91% of initial PCE in contrast to PEAI-only retaining 83% of initial PCE after 1100h hours (Figure 2i).  Further discussions on the stability of the various passivation conditions have been provided (Figure S9).  Additionally, damp heat tests were also carried out on encapsulated devices in an 85°C and 85% relative humidity (RH) environment for a period of 960 hours (Figure 2j).  The PCE of PEAI-only passivated devices dropped significantly within the first 240 hours and stabilized afterwards, retaining 67% of its initial efficiency after stabilizing for 960 hours.  The rapid initial efficiency loss likely originates from the moisture-assisted conversion of PEAI-rich surface into unstable species, which temporarily perturbs the outer interface.6, 34  In contrast, PC maintained 86% of its initial efficiency, with minimal drop during the early stages proving that CeOx incorporation into PEAI remains chemically robust and stabilizes the device after the PEAI initial aging stage to improve the thermal stability of PSCs.  This behavior is distinct from MPPT, where continuous illumination probes photoelectronic operation without the same moisture-driven interfacial relaxation pathway.  Accordingly, the damp heat response mainly reflects the stability of the devices under moisture and temperature stressors, whereas MPPT reflects the long-term stability of the stabilized carrier-transport interface.  Further notes on this discussion have been provided (Figure S10). 

Evaluation and Mechanistically Probing Passivated Interfaces 
Having established the superior device performance and operational stability of the optimized PC’s dual-function passivation strategy, we rigorously evaluated and mechanistically probed the passivated perovskite/PTAA interface through accelerated TS that mimics LEO relevant thermal shock conditions.  In this work, a realistically simulated LEO thermal shock conditions (-80℃ to +80℃, 16°C/min, 100 cycles) shown in (Figure 3a), was employed to contribute to the limited comprehensive understanding of operational stability of PSCs under extreme TS conditions which remain lacking.11  For instance, only a few studies have attempted to simulate the rapid temperature fluctuations experienced in space.  Li et al., have reported rapid TS from -60℃ to +80℃ at a ramp rate of 20℃/min for PSCs incorporating β-poly(1,1-difluoroethylene) (β-pV2F) additives to maintain over 90% of their initial efficiency after 120 cycles, attributing the high stability to the strain-buffering of the additive.35  Majority of thermal cycling tests have focused on terrestrial application.  Chen et al., have reported that introduction of n-octylammonium iodide (OAI) into the perovskite precursor relieve residual stress during slow cycle tests (-40℃ to +85℃), improving the structural integrity and reducing interfacial cracking.36  Erdil et al. have further identified that delamination cracks during thermal cycling (-40℃ to +85℃) extend to the perovskite/C60 interface in a p-i-n architecture.4  These studies collectively highlight that thermal response induces mechanical strain and delamination, leading to cracking at interfaces, accelerating interfacial and electronic degradation.  Hence, the inherent vulnerability of perovskite structures and decomposition under extreme TS underscores the need to investigate PC treatment strategy in stabilizing the interfacial chemistry and mitigating mechanical fatigue of PSCs to exhibit its relevance beyond terrestrial applications to space-relevance technology.

Optoelectronic and Chemical Stabilities of Thermally Induced PSC Devices 
[bookmark: _Hlk215078178][bookmark: _Hlk231893460][bookmark: _Hlk231893511][bookmark: _Hlk231893526][bookmark: _Hlk231848640][bookmark: _Hlk233645985][bookmark: _Hlk233645996]X-ray photoelectron spectroscopy (XPS) was investigated to understand the surface mechanisms underlying each passivation condition following TS for Ce 3d, O 1s, and C 1s shown in (Figures 3b-d), and Pb 4f spectra without TS and with TS represented in (Figures 3e, f).  To elucidate the redox transition between Ce4+ and Ce3+ during TS, PC-treated samples were measured before TS.  Two distinct and well-defined peaks were observed at binding energy (BE) of 914.7 eV and 889.6 eV, corresponding to the presence of Ce4+ (Figure S11, Table S8).  The Ce 3d assignments were made by using the peak fitting of the Ce 3d spectra from well-established CeO2 and Ce2O3 standards, where the Ce3+/Ce4+ multiplet structure has been extensively benchmarked.37-40  Therefore, the present analysis focused on the relative evolution of the spectra before and after TS rather than on a single isolation peak position.  After TS showed a slight increase in BE from 914.7 eV to 916.0 eV which corresponds to the characteristic fingerprint of CeO2, with BE at 889.6 eV disappearing.  Interestingly, two new well-defined peaks at BE of 898.8 eV and 885.0 eV were revealed after TS, corresponding to the residual spectral line of Ce 3d5/2 peak, attributed to Ce3+, confirming the redox activity of CeOx during TS (Figure 3b).37  The coexistence of Ce3+ and Ce4+ oxidation states with atomic percentages of 82.4% and 17.6% respectively from the deconvoluted Ce 3d spectra after TS, corresponding to Ce3+/Ce4+ ratio of  4.7:1, suggests the formation of oxygen vacancies as discussed in (Figure S2).38, 41  In addition, depth profile XPS revealed linearly distributed cerium within the perovskite bulk, suggesting that cerium may have successfully diffused from the surface, most likely due to thermal exposure (Figure S12, Table S9).  As presumed, O 1s showed two environments at 532.0 eV, and 530.1 eV corresponding to C-O functional groups and Ce-O bonding respectively for PC passivation (Figure 3c).16  The O 1s at 530.1 eV mostly associated with the surface oxygen ions with low coordination is consistent with the reduction and oxidation reactions between Ce4+ and Ce3+ through the formation of oxygen vacancies.38, 42  These observations points to the proposed reox-buffering passivation mechanism in which Ce4+ sites and oxygen vacancies in CeOx interacts with thermally generated iodine/Pb species at the perovskite surface.43,44, 45  Additionally, C 1s spectra at 284.4, 286.0, and 287.8 eV are well aligned with C-C, C-O-C, and C=O respectively (Figure 3d), with PC showing slightly higher binding energies of 284.8, 286.4, and 288.2 eV, respectively.  These observations indicate a more polar, chemically functionalized interfacial environment, and stronger surface coupling of the perovskite film layer.46  In addition, reduced C-C bond composition (70.5%) coupled with higher C-O-C (16.9%) and C=O (12.7%) fractions of PC promotes stronger anchoring of CeOx to the perovskite to interact with thermally generated iodine/Pb species, followed by re-oxidation of Ce3+ under operating conditions.  The proposed redox cycle scavenges reactive iodine and stabilizes the Pb-I framework by facilitating I- re-coordinating to Pb, thereby suppressing PbI2 decomposition typically associated to thermally degraded PEAI (Table S10).47,26  This is consistent with the absence of slight Pb 4f  BE shifts in PC, whereas the higher BE shift observed for PEAI indicates thermally induced perturbation of the Pb-I environment.  Additionally, PEAI-treated samples showed an increased peak intensity at 137.1 eV after TS, indicating the formation of metallic lead (Pb0) from the decomposed PbI2 within the perovskite (Figure 3e).  This observation is in line with PEAI’s thermal degradation into Pb-I at higher temperatures, reducing to metallic lead.7  In contrast, PC-passivated films displayed negligible spectral changes after TS (Figure 3f).  In addition, the atomic percentage concentrations of the Pb 4f and I 3d increased after TS exposures in PEAI-only passivated perovskites, affirming degradation, whereas PC exhibited minimal changes in atomic concentrations (Table S11).  Figure 3g carefully illustrates this chemically anchoring and Ce4+/Ce3+ redox buffering, reinforcing interfacial integrity which can better accommodate thermal strain.  The spectra analysis of I 3d and N 1s has been provided in (Figure S13). 
[bookmark: _Hlk231848686][bookmark: _Hlk233471933][bookmark: _Hlk233472584] Subsequently, time-of-flight secondary ion mass spectroscopy (TOF-SIMS) analysis with and without TS was carried out on glass/ITO/np-SnO2/perovskite/PEAI or PC conditions to accurately capture the chemical changes (Figure S14).  However, to accurately represent a full device under space-like environment, TS aged devices were also examined (Figure 4a, b).  The Pb+ and I- ions compositions were observed to have increased after TS in aged devices for PEAI-only passivated films (Figure 4c), in contrast to PC-treated devices.  This observation affirms the partial breakdown of the PbI2 from the perovskite to release ionic species migration, which is consistent with the XPS analyses in Figure 3.  The release of ionic species destabilize the perovskite structure, contributing to the observed TS induced degradation as revealed in (Figure 4d).8, 48, 49  In addition, the cerium distribution shown in (Figure 4c) and the 3D render in (Figure S15) further corroborates the uniform depth distribution observed in the XPS depth profile analysis in (Figure S12).  Similarly, the half-cell on glass/ITO/np-SnO2/perovskite also exhibited higher Pb+ and I- ions after TS for PEAI-passivated samples (Figure S16), demonstrating that data obtained from half-cells without HTL and back electrode coverage are as reliable as that of full devices.  To support this interfacial stabilization mechanism, we performed capacitance-frequency (C-f) and frequency-dependent capacitance-voltage (C-V) analyses before and after TS.  PC devices exhibited lower capacitance in the low-frequency regions in contrast to PEAI-only devices, particularly after TS, indicating suppressed ionic accumulation and reduced slow polarization processes at the interface (Figure S17).  This behavior is further confirmed by C-V measurements at 10 Hz, 100 Hz, 1 kHz, and 10 kHz, where the PC devices consistently maintained lower capacitance across all frequencies, with the largest separation observed at 10 Hz (Figure S18).  Since low-frequency capacitance is strongly associated with ion migration and interfacial charge accumulation, these results provide direct electrical evidence that PC effectively suppresses thermally activated ionic redistribution and supports the TOF-SIMS analysis.50, 51     
The trap-state densities of PEAI-only and PC treated devices are important parameters to investigate the changes in electronic properties of the perovskite materials following TS.  After 100 cycles TS exposure on full devices, the Au and PTAA layers were peeled off and PCBM and Au re-deposited on top of the perovskite layer (glass/ITO/np-SnO2/perovskite/passivation/PCBM/Au).  The trap-state density (Ntrap) was calculated by the equation below:52
                                                                                                       (1)           
where Ntrap, VTFL, εo, ε, e, and L are the trap-state density, trap-filled limit voltage, vacuum permittivity (8.8 × 10-12 Fm-1), relative dielectric constant of the perovskite material (25), electron charge (1.6 × 10-19 C), and the perovskite film thickness (in this case ~530 nm) respectively.  The VTFL of perovskites based on PEAI treatment without and with TS and that of PC without and with TS are 0.403 V, 0.486 V, 0.373 V, and 0.401 V respectively (Figure 4e-h).  The Ntrap of PEAI-only treated devices without and with TS are 3.95 × 1015 cm-3 and 4.76 × 1015 cm-3, respectively, whereas PC without and with TS are 3.65 × 1015 cm-3 and 3.93 × 1015 cm-3, respectively.   The trap-state density was slightly reduced for PC, showing promising passivation effect than PEAI.  After TS, the trap-state density in PEAI-treated devices was increased due to the confirmed degradation in the perovskite absorber.  In contrast, PC provided enhanced thermal stability due to the presence of cerium, which preserved the electronic integrity of the underlying perovskite film. 
[bookmark: _Hlk215077589][bookmark: _Hlk233461267] SEM revealed pronounced morphological degradation with relatively larger and numerous surface-localized micro-cracks and pinholes on PEAI-only treated perovskite films after peeling off Au and PTAA layers   following TS, an indication of stress accumulation typical of mechanical fatigue.  In contrast, PC-passivation strategy largely mitigated such observed morphological degradation with fewer pinholes with a preserving compact perovskite surface and stable grain boundaries.  In addition, cross-sectional SEM further supports this conclusion by revealing interfacial voids and delamination cracks at the perovskite/PTAA interface after TS for PEAI-only device, whereas the PC device maintained a more intact and continuous cross-sectional morphology (Figure 5a, b).  This observation underscores CeOx’s role in effectively buffering local strain and suppressing crack initiation sites during the repeated expansion-contraction cycles.  Hence, while the analogy to mechanical fatigue aids in conceptualizing failure mechanisms, the observed protection seems to arise primarily from chemically and structurally mediated stress distribution through Ce4+/Ce3+ redox coupling and oxygen vacancies rather than purely mechanical compliance.  Further observations were confirmed on a larger surface area of each passivated films with reference without passivation and PEAI having numerous pinholes and large voids after TS compared to the fewer pinholes formed on PC treated films (Figure S19). 
Furthermore, SSPL measurements were conducted on quartz/perovskite/passivation samples before and after TS exposures (Figure 5c).  This simplified structure was intentionally chosen to isolate the photo-physical response from device-level effects of TS, allowing for a more intrinsic evaluation of the passivation effects on the photo-electrical properties of the perovskite absorber.  Interestingly, the change in SSPL intensities of PC-passivation were negligible after TS, in contrast to the reduced intensity observed in PEAI-only.  Additionally, TRPL results (Figure S20) further support these findings, with PC-passivated samples retaining longer carrier lifetime (3.6 µs → 3.2 µs) compared to PEAI-only passivation (2.2 µs → 1.4 µs) after TS, indicating better suppression of non-radiative recombination.  To investigate an actual device under space-like environment, SSPL and TRPL were again conducted on thermal shock aged full devices after peeling off Au and PTAA just like in SEM.  It is important to understand that since the sample stack was changed from glass/perovskite/passivation in (Figure S20) to glass/ITO/np-SnO2/perovskite/passivation, their respective interpretations would also differ based on the stack. Subsequently, PEAI and PC followed the same thermal stability trend, with PC demonstrating faster charge extraction after TS, indicating less defect states and reduced non-radiative recombination, whereas PEAI exhibited increased non-radiative recombination after TS (Figure S21), confirming previous results.53  
[bookmark: _Hlk233463067]XRD analysis (Figure 5d and Table S12) further confirmed sustained structural crystallinity for PC, with a narrower FWHM at perovskite (100) of 0.1642 compared to PEAI-only of 0.1794 after TS.  In addition, higher PbI2 content, was revealed in the PEAI-treated perovskite films, showing a greater PbI2 to perovskite (100) peak ratio of 0.1524 after TS, in contrast to the lower PbI2 to perovskite (100) peak of 0.0962 for PC-treated samples (Figure S22).  These observations confirm more decomposition of perovskite into residual PbI2 in PEAI-treated, as also seen in the TOF-SIMS data presented above.  Building on the XRD results, we further examined the micro-strain evolution using high resolution depth-resolved grazing-incident X-ray Diffraction (GIXRD) to probe interfacial lattice response more sensitively (Figure S23).  The micro-strain was obtained from Williamson-Hall (W-H) analysis using the relation
                                                                                   (2)           
[bookmark: _Hlk233464796]where , , k, λ, D, and ε are the FWHM of the diffraction peak expressed in radians, Bragg angle, Scherrer shape factor, X-ray wavelength (5406 Å for Cu Kα radiation), the crystallite size, and the micro-strain extracted from the slope of the linear fit of  versus , respectively.54  The strain analysis revealed that PEAI-only film undergoes a more pronounced strain redistribution after TS at the near-surface and deep bulk regions of the perovskite (Figure S24), whereas the PC maintained a more stable strain state across both shallow and deeper probing depths (Figure S25).  Detailed micro-strain depth evolution have been provided in (Figure S26).  Together, these results show that PC not only preserve the crystallographic framework, but also suppresses thermally induced micro-strain accumulation at the interface to suppress the onset of structural fatigue under TS. 
To reveal the chemical interaction between the perovskite films and passivation materials, Fourier transform infrared spectroscopy (FTIR) was also investigated.  FTIR (Figure 5e) revealed the stretching vibration of C=N was reduced after TS for PEAI-passivated samples, while PC exhibited stronger intensity, showing the stronger interaction between PC and perovskite film surface even after TS. The C=N at 1711 cm-1 without TS for PEAI and a slight red-shift of PC to 1709 cm-1 was as a result of the presence of cerium metal oxide and the strong binding of C=N to PbI2 (Figure S27).55  Lastly, external quantum efficiency (EQE) analysis also revealed a significant photocurrent collection loss in PEAI-only devices after TS, in agreement with increased trap state densities inferred from SSPL, whereas PC-passivated devices maintained a stable photocurrent response (Figure S28), collectively affirming the superior TS resilience imparted by CeOx. 
Thermal cycling ramp rate effects on device performance
[bookmark: _Hlk231835755]  To better understand the impact of CeOx on stabilizing the full device performance under rapid changes in temperature, in situ current density vs. voltage (J-V) measurements were taken during TS at a ramp rate of 16℃/min for the first 20 cycles from initial (0 cycle), 1, 3, 5, 9, 13, 17, and 20 cycles for PEAI and PC-passivated devices respectively (Figure 6a, b).  The first 20 cycles of in situ TS were specifically designed to capture the early-stage evolution of device performance under our simulated LEO relevant TS environment, providing insight into the initial stabilized interface, before the cumulative stability outcome from the 100 cycles of the same testing protocol.  PC-passivated devices demonstrated exceptional thermal shock resilience for all 20 cycles with no drop in efficiency, rather slightly improved by ~3% of initial efficiency, mainly due to improvement in fill factor (FF).  In contrast, PEAI-passivated devices began to degrade after only 3 cycles with significant degradation beginning after 13 cycles where ~11% drop in efficiency was recorded and further dropping to ~15% after the 20th cycle, with an average stability data represented in (Figure 6c).  Changes in open-circuit voltage (VOC) and short-circuit current density (JSC) are shown in Figure S29.  
[bookmark: _Hlk231838493]Furthermore, temperature ramp rate also emerged as a decisive factor governing thermal cycling degradation.  Under similar cycling conditions, faster thermal ramping (16℃/min), which accurately emulates LEO relevant orbital temperature transitions, PEAI-treated perovskite devices retained 85% of initial efficiency after 20 in situ cycles while PC-passivated devices retained 100% efficiency.  Conversely, slower thermal cycling ramp rate (5℃/min) increased interfacial degradation, leading to significant drop in device performance.  Specifically, PC devices at 5℃/min ramp rate showed ~5% drop in efficiency after the first cycle (Figure S30).  However, remained stabilized after subsequent cycles, again, emphasizing CeOx’s role in effectively buffering local strain and suppresses crack initiation despite using slower ramp rate.  In contrast, PEAI dropped in efficiency by ~29% after 7 cycles of the slower ramp rate, showing a drop in PCE after every cycle.  This observation can be associated with the prolonged residual mechanical stress, leading to increase cracks formation at grain boundaries.36  The testing conditions were carefully designed such that both faster and slower ramp rates cumulative exposure times was approximately 500 minutes, corresponding to 20 cycles and 7 cycles respectively (Figure S31).  These contrasting behaviors emphasize that thermal degradation in PSCs is dynamically controlled, where both the magnitude and rate of thermal stress contribute to the overall stability outcome. Despite this observation, emphasis is being laid on realistically simulating the rapid transition in LEO, where the faster ramp rate of 16 ℃/min provides a near-accurate representation of TS rather than the slower, less representative ramp rate.  Detailed photovoltaic parameters effects from the different ramp rates of thermal cycling have been provided in (Figures S32 and S33).  
[bookmark: _Hlk232005853][bookmark: _Hlk232006644]To clearly validate the role of CeOx in enhancing thermal shock stability, aluminum oxide (Al₂O₃) was substituted in place of CeOx as a benchmark metal oxide passivator.56   The devices were evaluated before and after 100 cycles of TS aged devices and their respective performance metrics summarized for PEAI-only and PC in (Figure 6d-g) and detailed in (Figure S34).  The J-V scans of each passivation condition were measured to evaluate TS effect on cumulative devices stability outcome after 100 cycles.  Therefore, J-V data reported herein correspond to the best performing device of each treatment condition, which have been obtained from multiple independently fabricated and measured devices before and after TS. The reference device without passivation, Al2O3, and CeOx passivated devices retained ~81% (15.2%), 91% (18.8%), and 96% after TS (19.5%), respectively, of their initial PCE after TS for the best performing cells. This demonstrates that metal oxides passivation strategies improve thermal resilience (Figure S34a-c).  PEAI-only showed moderate stability of 19.2% after TS (85% retention) (Figure 6h), which was further improved in combination with Al2O3, termed as PA, up to 20.7% (91% retention) (Figure S34d) and most notably with CeOx marinating 23 .0% of its initial efficiency after TS (PC: 96% retention) (Figure 6i).  Detailed PV performance parameters have been provided from multiple devices of each treatment condition (Figure S35).  These results affirm the efficacy of metal oxides in mitigating thermal degradation under thermal stresses.57-60  However, CeOx provides an additional passivation mechanism through its Ce4+/Ce3+ redox interaction and oxygen vacancy formation, which are effective in enhancing thermal shock resilience of PSCs compared to other metal oxides.   

Conclusions
[bookmark: _Hlk231911765]  In this work, a dual-function surface passivation strategy combining CeOx nanoparticles with PEAI demonstrates a mechanically distinct approach to overcoming the intrinsic thermal and mechanical limitations of PSCs. The redox coupling of Ce4+/Ce3+ system not only strengthens chemical bonding and defect passivation but also provides a dynamic buffering mechanism that mitigates interfacial stress under repeated thermal shocks. The resulting PC-passivated devices markedly enhance thermal shock resilience under simulated LEO conditions, maintaining 95% of their initial efficiency after 100 extreme thermal cycles (+80°C to –80°C, 16°C/min).   We demonstrate that PC-passivated devices preserve mechanical and structural integrity, while also mitigating morphological fatigue.  Additionally, the impact of thermal ramp rate on PSC degradation behavior has also revealed that faster ramp rate thermal cycling preserves device integrity more effectively than slower cycles.  Comprehensive spectroscopic and electrical analyses (XPS, FTIR, TOF-SIMS, SCLC, PL, TRPL, SEM, XRD) and in situ device performance metrics reveal that CeOx effectively suppresses defect propagation, inhibits thermally induced decomposition, and preserves charge transport pathways inherent to PEAI. Devices incorporating PC passivation achieved a PCE of 25.3% for PTAA-based n-i-p architecture, maintaining over 91% and 86% operational stabilities under continuous 1 SUN illumination and damp heat conditions of 85°C and 85% RH, respectively.  We highlight that CeOx-assisted PEAI passivation outperforms the benchmarked Al2O3-assisted strategy, thereby identifying a more effective oxide choice for stabilizing PTAA-based perovskite solar cells under both operational and thermal shock conditions.  Overall, this study outlines a clear pathway toward engineering thermally adaptive PSCs for space technology, bridging the gap between laboratory performance and long-term reliability in extreme environment.
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Figure 1.  Charge carrier dynamics and perovskite structural integrity  
(a) SSPL analysis on charge carrier generation and charge recombination of the different passivation conditions.  (b) TRPL analysis on charge carrier lifetime.  Both SSPL and TRPL were measured on a glass/perovskite/passivation stack.  (c) XRD analysis on effect of perovskite film crystallinity.  (d) SEM surface morphological analysis of perovskite films to observe grain growth effect from the different passivation conditions.  XRD and SEM measurements were also carried out on glass/ITO/np-SnO2/perovskite/passivation stack.
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Figure 2. Performance metrics of passivated devices and operational stabilities
(a) Reverse scan J-V characteristics of the PEAI and PC passivated devices.  (b-d) Box plots highlighting the different passivation effect on photovoltaic parameters of PCE, FF, VOC, JSC, RSH, and RS. (e) EQE analysis of PEAI and PC passivated devices.  (f) ERE analysis on open circuit voltage VOC difference PEAI and PC.  (g) Dark I-V characteristics.   (h) EIS difference measured in the dark for PEAI and PC.  (i) MPPT under continuous 1 SUN illumination for 1100 hours using irradiation intensity of 100 mW cm-2 at room temperature and relative humidity of ~25% with an initial PC efficiency of 24.9%.  Temperature was not controlled during light soaking testing.  (h) Damp heat stability test under 85℃ and 85% RH for 960 hours.  Devices used for both MPPT and damp heat testing were encapsulated.  



[image: ]
Figure 3.  Thermal shock cycling effect on chemical stability of perovskite films 
(a) Schematic representation of thermal shock testing profile between +80℃ to -80℃ at 16℃/min transition time for 100 cycles.  (b-f) X-ray photoelectron spectroscopy (XPS) analysis performed on glass/ITO/np-SnO2/perovskite/PEAI or PC conditions after thermal shock of Ce 3d (b), O 1s (c), C 1s (d), and Pb 4f (e, f) spectra of PEAI and PC passivation with and without thermal shock.  (g) Illustration of TS effect on chemical stability and Ce4+/Ce3+ redox buffering mechanism in PC-passivated films. 
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Figure 4.  Thermal shock effect on perovskite film decomposition and trap-state density
[bookmark: _Hlk231848851]Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) analysis profile of thermal shock exposed full devices stack of (a) PEAI treated devices and (b) PC treated devices.  (c, d) Key TOF-SIMS components measured in thermal shock aged full devices for PEAI and PC.  (e-h) Space charge-limited current (SCLC) measurements of thermal shock aged samples.  Au and PTAA layers were peeled off in TS aged devices after which PCBM and Au deposited to complete the devices for SCLC measurements using the following device stack of glass/ITO/np-SnO2/perovskite/PCBM/Au.
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Figure 5. Thermal shock effect on perovskite film morphology and structural integrity 
(a, b) Surface and cross-sectional SEM images of the PEAI and PC passivated perovskite films before and after TS exposures.  (c) SSPL analysis on charge carrier generation and non-radiative recombination losses of PEAI and PC passivated samples.  (d) XRD peaks of PEAI and PC treated samples after TS exposure.  (e) Fourier transform infrared spectroscopy (FTIR) spectrum of PEAI and PC after TS. 
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Figure 6.  Thermal shock effect on device performance 
[bookmark: _Hlk231836348] (a, b) Early-stage in situ J-V response measurements of first 20 thermal shock cycles for PEAI and PC respectively.  (c) Early-stage evolution of devices response to in situ thermal shock stability data for PEAI and PC collected over multiple devices.  (d-g) Stability evolution for before and after 100 cycles of thermal shock of VOC, JSC, FF, and PCE.  (h, i) Optimized J-V performance before and after 100 cycles of thermal shock exposure of PEAI and PC passivated PSC devices.
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