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Thermally Adaptive Interfacial Polymer Network Enables Space-1 

Compatible Perovskite Solar Cells 2 
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Abstract 15 

Metal halide perovskite solar cells (PSCs) are promising candidates for next-generation 16 

terrestrial and space photovoltaics owing to their high power-to-weight ratio, solution 17 

processability and intrinsic radiation tolerance. Yet their practical deployment, particularly in 18 

low-Earth-orbit (LEO) environments, is hindered by rapid temperature fluctuations and intense 19 

ultraviolet (UV) irradiation. These coupled thermomechanical stresses accelerate buried-20 

interfacial degradation by promoting stress accumulation, defect generation and inefficient 21 

charge extraction at the interface between self-assembled monolayers (SAMs) and the 22 

perovskite absorber. Here we report an adaptive buried interface enabled by the glass transition 23 

of a thermoresponsive poly(2-hydroxyethyl methacrylate) (P2HM) interlayer inserted between 24 

the SAMs and the perovskite. The polymer und ergoes in-situ structural adaptation near its 25 

glass-transition temperature (Tg = 87.4°C), transforming into a compliant viscoelastic 26 

reticulated network that strengthens interfacial adhesion, bridges voids arising from incomplete 27 

SAM coverage and dynamically coordinates with undercoordinated Pb2+ sites. This adaptive 28 

interface not only passivates existing defects but also suppresses the continual generation of 29 

stress-induced interfacial defects during operation. The resulting PSCs achieve a power 30 

conversion efficiency (PCE) of 27.25% (certificated 27.19%) while retaining 90% of their 31 

initial efficiency after 540 rapid thermal cycles (32p=C min-1 ramp rate) between -60°C and 32 



+100°C and 93.4% after 316 h of intensified UV irradiation under 80 mW cm-2. Our findings 33 

establish thermally adaptive buried interfaces as a general strategy for mitigating mechanically 34 

driven interfacial degradation, providing a design principle for durable perovskite 35 

photovoltaics operating under extreme terrestrial and space environments. 36 

Introduction  37 

Metal halide perovskite solar cells (PSCs) have rapidly emerged as one of the most promising 38 

photovoltaic technologies, with certified power conversion efficiencies (PCEs) now 39 

approaching 28%.1,2 Beyond high efficiency, their high power-to-weight ratio, low fabrication 40 

costs and intrinsic radiation tolerance make PSCs particularly attractive for applications where 41 

conventional photovoltaic technologies are limited, including lightweight terrestrial systems 42 

and low-Earth-orbit (LEO) spacecraft.3,4 However, practical deployment in these harsh 43 

environments requires perovskite devices to withstand rapid temperature fluctuations, intense 44 

ultraviolet (UV) exposure and extended high-temperature operation period to avoid 45 

degradation.5-7 In LEO, satellites routinely experience temperatures ranging from 46 

�D�S�S�U�R�[�L�P�D�W�H�O�\���í100°C to +100°C with the ramp rate of 10 �•  �P�L�Q�q�ï��based on IEC 60068-2-14, 47 

substantially exceed those specified for terrestrial photovoltaic qualification standards.8-11 48 

These coupled thermal and mechanical stresses progressively degrade device integrity through 49 

stress accumulation, defect formation and interfacial failure, making stability under extreme 50 

environments one of the principal barriers to practical deployment of perovskite 51 

photovoltaics12-15 52 

Although degradation occurs throughout the multilayer perovskite device, the buried interface 53 

between the self-assembled monolayers (SAMs) and the perovskite layer is particularly 54 

susceptible to thermomechanical failure. This interface governs perovskite nucleation, 55 

interfacial charge extraction and mechanical coupling, while simultaneously accommodating 56 

the mismatch in coefficients of thermal expansion (CTE). During film formation and repeated 57 

thermal cycling (TC), CTE mismatch generates residual stresses that distort the perovskite 58 

lattice, promote interfacial delamination and continuously generate new defect states, thereby 59 

accelerating non-radiative recombination and performance loss.16-20 Preventing the continual 60 

accumulation of stress-induced defects at this buried interface is therefore essential for 61 

achieving durable PSCs capable of operating under realistic terrestrial and space conditions. 62 



Considerable efforts have been devoted to mitigating thermomechanical degradation in 63 

perovskite photovoltaics. Dynamic materials, including self-healing fluoropolymer 64 

elastomers,21 flow-phase grain-boundary modifiers,22 photoisomerizable molecules and glass-65 

transition-regulated additives,23,24 have demonstrated the ability to buffer strain and suppress 66 

mechanical damage within the bulk perovskite film or grain boundaries. Meanwhile, buried-67 

interface engineering strategies based on molecular bridges,25 dual-interface self-regulated 68 

interlayers,26 CTE-gradient structures,27 iodide-buffer layers,28 cross-linked polymer 69 

networks29 and various functional polymers have been applied to reduce interfacial 70 

recombination and improve operational stability.30-32 Despite these advances, most existing 71 

interfaces remain structurally static after fabrication. Consequently, they cannot continuously 72 

adapt to evolving thermomechanical stresses generated during rapid temperature cycling, 73 

sustained high-temperature operation or intense UV exposure, where new interfacial defects 74 

are continuously produced throughout device operation. Developing adaptive buried interfaces 75 

capable of dynamically responding to extreme operating conditions therefore remains an 76 

outstanding challenge.33 77 

Here we report a glass-transition-enabled adaptive buried interface by introducing a poly(2-78 

hydroxyethyl methacrylate) (P2HM) reticulated network between the SAMs and the perovskite 79 

layer. Owing to its glass-transition temperature (Tg = 87.4°C), the polymer can be activated 80 

during annealing (100°C), and P2HM transforms into a compliant viscoelastic network with 81 

enhanced segmental mobility, strengthening interfacial adhesion, accommodating thermally 82 

induced strain and bridging interfacial voids originating from incomplete SAM coverage 83 

(Figure 1a, b). Simultaneously, the thermally reconstructed polymer exposes additional 84 

hydroxyl groups (-OH) that dynamically coordinate with undercoordinated Pb2+ ions, enabling 85 

sustained defect passivation while suppressing the continual generation of stress-induced 86 

interfacial defects during operation. As a result, the adaptive buried interface simultaneously 87 

improves crystallization, charge extraction and mechanical robustness, enabling PSCs with a 88 

PCE of 27.25%. More importantly, the optimized devices retain 90% of their initial efficiency 89 

after 540 rapid thermal cycles between -60 and +100 °C, 88.7% after 450 h of thermal aging at 90 

100 �•  and 93.4% after 316 h of accelerated UV irradiation under 80 mW cm-2. These findings 91 

establish adaptive buried interfaces as a general design strategy for mitigating 92 

thermomechanically driven interfacial degradation and provide a promising framework for 93 

durable perovskite photovoltaics operating in extreme terrestrial and space environments. 94 



Results and Discussion 95 

Mechanism for SAMs Interface Optimization 96 

We first study the electrostatic potential (ESP) of the monomeric representation of the P2HM 97 

molecule, namely P2HM (Supplementary Figure 1). The electron-rich units of the carbonyl 98 

group (C=O) and -OH in P2HM exhibit negative ESP (red), which could effectively passivate 99 

Lewis acid defects (such as undercoordinated Pb2+) by forming coordination covalent bonds.34  100 

 101 

Figure 1 (a) Chemical structural formula of P2HM and a schematic diagram of segmental 102 
motion during the transition from the glassy state to the viscoelastic state. (b) Schematic 103 
diagram of the perovskite film after modification with P2HM. (c) DSC curves of P2HM ramp-104 
cool cycle. C-AFM images of the FTO/4PABCz (d) and FTO/4PABCz /P2HM (e) films. (f-h) 105 
Adhesion AFM of different conditions films.  106 

 107 



Differential scanning calorimetry (DSC) was used to analyse the dynamic transformation of 108 

P2HM during annealing, as shown in Figure 1c.35 During the first ramping, P2HM exhibited 109 

an endothermic peak at approximately 98°C, which is attributed to enthalpy relaxation 110 

associated with the release of the polymer's thermal history and molecular rearrangement.36 111 

This process suggests that the initially frozen polymer chains undergo structural relaxation, 112 

accompanied by the disruption of local hydrogen-bonded aggregates and increased segmental 113 

mobility. As a result, previously buried -OH and C=O become more accessible, while the 114 

polymer evolves towards a more compliant and viscoelastic state.37 This structural evolution is 115 

further supported by solid-state (SS) 1H NMR (Supplementary Figure 2), heat treatment at 116 

100°C triggers P2HM segment reconstruction, leading to differentiation of the local chemical 117 

environment of protons in the chains.38 Simultaneously, changes in -OH groups related signals 118 

indicate a rearrangement of the hydrogen bond network within the P2HM. This thermally 119 

induced molecular reconstruction facilitates the exposure of more -OH and C=O, enhancing 120 

their potential for interaction with Pb2+ and interfacial defects in the perovskite, thereby 121 

achieving more effective dynamic interfacial passivation and stress relief. Upon the second 122 

heating cycle, only the characteristic Tg remains, confirming that the initial endothermic event 123 

originates from irreversible structural relaxation, whereas the subsequent glass transition 124 

corresponds to the reversible transformation between the glassy and viscoelastic states.39,40  125 
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Figure 2 (a) FTIR spectra of P2HM and P2HM/PbI2 mixture. (b) XPS spectra of bottom side 172 
perovskite films w/o and with P2HM-treated. (c, d) GIWAX patterns of the bottom side 173 
perovskite film before and after treatment at a grazing incidence angle of 0.2°. Simulations of 174 
(e) P2HM adsorbed on the perovskite slab and and (f) with an I vacancy. (I, j) In-situ PL spectra 175 
for tracking control and P2HM-trated films during flash vacuum process. (k) �/�L�Q�H�D�U���I�L�W���R�I��������-176 
sin2���������I�R�U���W�K�H���F�R�Q�W�U�R�O���D�Q�G���3���+�0-treated films. 177 
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Figure 3 KPFM images of the (a) Control and (b) P2HM-treated film (bottom side) measured 236 
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decay curves of control and treated devices.  240 
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Figure 4 (a) Device architecture of P2HM-contained PSC. (b) J�±V curves of the best-280 
performing devices measured under reverse scan direction. (c) PCE statistical distribution of 281 
Control and treated devices. (d) The corresponding SPO efficiency under their maximum 282 
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treated devices. (f) FF loss analysis. 284 
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Figure 5 (a) Thermal stability of Control and P2HM-treated perovskite films. The PCE change 330 
of control (b) and treated film (c) after thermal aging. (d, e) In-situ PL spectra of Control and 331 
P2HM-treated films tracking at 100p=C. (f) TC durability (-60°C - +100°C) of encapsulated 332 

modulus. (g) MPPT of UV exposure stability of unencapsulated devices in dry air.  (h) XPS 333 
spectra and SEM images of control and treated films (bottom side) after UV aging.  (i) Storage 334 
stability of unencapsulated devices under N2. 335 
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