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[bookmark: _Hlk196950392]ABSTRACT: Wide bandgap perovskite materials are gaining enormous attention recently, particularly in multi-junction photovoltaics. Despite the encouraging development, the light-induced phase segregation still impedes their operational stability, primarily due to the high content of bromide constituents. Here, we report a bilateral interface design to mitigate the phase instability of 2.1 eV bandgap all-inorganic CsPbIBr2 perovskite solar cells (PSCs)—1) Buried interface: strong chemical interactions occur between nickel oxide (NiOx) and self-assembled monolayer (SAM) via phosphonic acid anchoring groups, establishing an interfacial bridge that promotes efficient hole extraction. 2) Top surface: a solution-processed BCP (s-BCP) layer is introduced to passivate perovskite film and suppress trap-assisted recombination, resulting in reduced phase segregation. The synergistic effect of dual interfaces reduces defect formation, moisture penetration and phase transition, contributing to enhanced phase stability. Optimal energetic alignment and defect passivation lead to improved photovoltaic (PV) performance. As a result, the dual interfaces modification delivers a power conversion efficiency (PCE) of 10.2% with a fill factor of 82.3%. Additionally, the modified device retains >87% of its initial efficiency after 110 h of continuous operation and exhibits merely 5% degradation after 300 days of storage, which is one of the most stable performances reported for all-inorganic CsPbIBr2 PSCs. This work reveals a key strategy to address inherent phase instability in wide bandgap perovskite through interface engineering.



1. INTRODUCTION
Single-junction inverted (p-i-n) perovskite solar cells (PSCs) have recently drawn great attention and advanced to an impressive record-high power conversion efficiency (PCE) over 26%1. Simultaneously, it shows enormous potential in application with the merits of the compatibility with various bottom cells such as crystalline silicon, CuInGa (Se, S) and other narrow bandgap perovskite devices for monolithic tandem photovoltaic (PV) solar cells, low-temperature fabrication and excellent stability2-5. However, the presence of volatile organic constituents is challenging the thermal stability of hybrid organic-inorganic PSCs (usually deteriorated over 200℃)6-10. As one of the prospective alternatives, the all-inorganic counterpart CsPbIBr2 has gradually developed in recent years with excellent stability and wide bandgap, becoming a promising candidate as the top absorber of triple-junction PV in future11-13. Recently, numerous efforts have been made to enhance the performance of CsPbIBr2 PSCs, rocketing to a record PCE of 12.6%12,14-17 (Figure S1 and Table S1). Despite the fast development of the CsPbIBr2 PSCs, the performance still falls behind the theoretical efficiency due to the improper carrier selective layer and perovskite phase transition6,18. The exceptionally wide bandgap complicates the band alignment between perovskite and carrier transport layer, especially the deep-lying HOMO of CsPbIBr2 (-6.0 eV). Additionally, the spontaneous phase transition from iodide segregation also leads to fluctuations of bandgaps and hinders the device stability. These issues tend to the formation of substantial energy barriers and recombination centers in both the bulk and interfaces, further reducing the open-circuit voltage. Notably, the issues of mismatched energy levels and interfacial recombination become particularly pronounced in inverted CsPbIBr2 PSCs, significantly slowing down efficiency growth.
Operational stability is one of the major challenges for industrial manufacturing of wide bandgap PSCs. To the best of our knowledge, previous studies have rarely focused on operational stability of CsPbIBr2 PSCs due to the high ratio of Br/I, which leads to unstable perovskite phase segregation19-21. Unlike most high-performance I/Br mixed PSCs that achieve prolonged shelf life under one sun illumination, the light-indued segregation derived from bromic content significantly compromises the operational stability22. Consequently, there have been relatively limited investigations on maximum power point (MPP) tracking of CsPbIBr2 PSCs (Figure S2)12,23,24. Thus, it severely impedes the commercialization of inverted CsPbIBr2 PSCs. In this scenario, Liu et al. first introduced a solution-processed NiOx in inverted CsPbIBr2 PSCs and obtained a PCE of 5.5%, demonstrating improved thermal stability up to 160℃6. Ma and co-workers reported the Cs-incorporated NiOx as the hole transport layer (HTL), achieving improved moisture stability with a PCE of 9.5%25. Although the NiOx-based device exhibits simple processing, cost-effectiveness and scalability, the improper band alignment and oxygen vacancies in the NiOx/perovskite interface become performance-limiting factors26,27. Thus, remarkable achievements have been reported by the emerging self-assembled monolayer (SAM) materials derived from carbazole body with phosphonic acid groups as ultrathin hole selective contact, which is more readily anchored onto the metal oxide substrate and simultaneously address the interface issues of NiOx/perovskite for inverted iodine-based PSCs28,29. As a class of common SAM for the perovskite sub-cell of tandem device, [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) was incorporated into the NiOx/perovskite interface, serving as a molecule bridge to facilitate charge extraction and suppress interface recombination30,31. 
[bookmark: _Hlk196858998][bookmark: _Hlk196860137][bookmark: _Hlk196859040]The intrinsic propensity of CsPbIBr2-based perovskite to undergo light-induced phase segregation poses an enormous obstacle to realizing long-term durability. Despite improvements obtained by incorporating beneficial hole selective material (HSM) at the buried interface, the interface of perovskite/electron transport layer (ETL) also plays a critical role in addressing the instability of CsPbIBr2 PSCs. Previous studies have shown that inorganic perovskite surface often exhibited inhomogeneous-distributed Br-enriched domains, together with pronounced grain boundaries, pinholes, and defects—factors that accelerate light-induced phase segregation and rapid degredation32. As a wide bandgap material with excellent hole-blocking property, bathocuproine (BCP) has been commonly used as a buffer layer between ETL and metal electrode in p-i-n PSCs33-35. Moreover, Fei et al. reported an effective method to reduce the amorphous region in perovskite through embedding BCP into HTLs36. Recently, our group has applied BCP on the top surface of CsPbIBr2 perovskite to solve the light-induced issue. BCP also passivated the perovskite surface and improved device performance.
Herein, we proposed a dual interfaces modification strategy for inverted CsPbIBr2 PSCs with the device architecture of indium tin oxide (ITO)/NiOx/SAM/CsPbIBr2/solution-processed bathocuproine (s-BCP)/PCBM/BCP/Ag (Figure S3). As a comparison, the SAM-only device with a configuration of ITO/SAM/CsPbIBr2/PCBM/BCP/Ag was fabricated and simplified as the control device hereinafter. The MeO-2PACz molecule firmly anchored onto the NiOx layer than the ITO substrate, assembling as the buried interface. The buried interface obtains high hydrophobicity, good wettability, and well-matched energy level to the absorber, contributing to enhanced hole extraction, reduced trap-state density, and stable perovskite film. Owing to the favorable contact of the buried interface (henceforth referred as BI), the inorganic perovskite film deposited on the modified HSM promoted perovskite growth and crystallization. In addition, an ultrathin s-BCP cap layer coating on as-prepared perovskite film served as the insulating tunnel contact, which blocked the hole and allowed electron transfer, contributing to non-radiative recombination. Notably, the s-BCP modified interface reinforced the hydrophobicity, passivated the surface defects of perovskite, and further suppressed the phase migration. These superior properties synergistically enabled optimal performance for dual interfaces modified  device (henceforth referred as DI), exhibiting a champion PCE of 10.2% (6.5% for control device) with an open-circuit voltage (VOC) of 1.22 V, short-circuit current density (JSC) of 10.1 mA/cm2 and fill factor (FF) of 82.3%. Additionally, the optimized devices without encapsulation maintained >90% of initial efficiency both in long-term stability test after storage over 300 days and MPP tracking for 500 min in ambient air (RH ~50%). Notably, the dual interfaces modification resulted in effective perovskite passivation, less trap-assisted recombination and ion-migration inhibition, achieving superb phase and long-term stability for inverted CsPbIBr2 PSCs.
[bookmark: _Hlk192512923]2. EXPERIMENTAL SECTION
2.1. Materials
Nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, Cesium iodide (CsI), anhydrous chlorobenzene (CB) and isopropanol (IPA) were purchased from Sigma-Aldrich. [2-(3,6-Dimethoxy-9H-carbazol-9yl)ethyl] phosphonic acid (MeO-2PACz), Lead bromide (PbBr2) and Bathocuproine (BCP) were purchased from Tokyo Chemical Industry (TCI, Japan). N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and ethanol were purchased from FUJIFILM Wako Pure Chemical Corporation. Phenyl C61 butyric acid methyl ester (PCBM) was supplied by Lumtec Co. (Taiwan). High-purity silver was obtained from commercial sources. All the reagents were utilized as received in this work.
2.2. Perovskite Solar Cell (PSC) Fabrication
The configuration of inorganic PSC was Glass/ITO/NiOx/MeO-2PACz/CsPbIBr2/s-BCP/PCBM/BCP/Ag.
The pre-patterned glass/ITO substrates were sequentially cleaned using deionized water, detergent, ethanol, acetone, and 2-propanol in ultrasonic for 15 min, respectively. After drying at 70℃ in an oven, the substrates were then treated with ultraviolet ozone (UV-ozone) for 30 min to remove organic contaminants.
In this work, NiOx, MeO-2PACz and NiOx/MeO-2PACz were applied as hole selective layers (HSLs). For NiOx and NiOx/MeO-2PACz-based devices, the NiOx nanoparticles were synthesized according to the method from literature and dispersed in mixed solvent of deionized water and IPA (3:1 in volume) to form NiOx ink (5 mg mL-1)26. The as-prepared ink was spin-coated on the pre-cleaned ITO substrates at 2000 rpm for 60s in ambient air without any post-treatment and then transferred to N2-filled glovebox. For MeO-2PACz layer, 100 μL MeO-2PACz solution (0.3 mg mL-1 dissolved in ethanol) was spin-coated on ITO substrate and as-prepared NiOx layer at 3000 rpm for 30s, then annealing at 100℃ for 10 min.
For inorganic perovskite film fabrication, 1.2 M inorganic perovskite precursor was prepared by mixing 312 mg of CsI and 440 mg of PbBr2 in 1 mL DMSO and stirred for 1h. 70 μL inorganic perovskite precursor was spin-coated on the as-prepared HSLs at 1500 rpm for 15s, subsequently at 3500 rpm for 30s. The film was annealed at 30 °C for 10 min, then quickly moved to a 160 °C hotplate for 10-min annealing.
For the solution-processed BCP layer, 150 μL BCP (0.5 mg mL-1) solution was dynamically spin-coated on the inorganic perovskite film at 4000 rpm for 30s, then annealing at 120℃ for 5 min.
For the PCBM layer, 100 μL PCBM (20 mg mL-1) solution was spin-coated on the inorganic perovskite/s-BCP film at 1000 rpm for 30s, then annealing at 100℃ for 10 min.
Finally, 7 nm BCP at a rate of 0.1 Å s-1 and 100 nm silver electrode at a rate of 1.0 Å s-1 were thermally evaporated under high vacuum (< 5 × 10-4 Torr), respectively. The active area of the cells was 0.09 cm2.
2.3. Characterization
[bookmark: _Hlk187858326]The optical transmittance and absorption spectra were measured using a spectrometer with an integrating sphere, UV–Vis 3600 (Shimadzu). The X-ray reflectometry (XRR) measurement was carried out on SmartLab 9kW, an Automated Multipurpose X‑ray Diffractometer (Rigaku Co., Japan). The contact angles were measured by a contact angle meter VCA Optima-XE (AST PRODUCTS, Inc., USA). The top-view and cross-sectional scanning electron microscopy (SEM) was carried out by JSM-6500F field-emission. X-ray diffraction patterns were measured by MiniFlex 600 (Rigaku Co., Japan) with 15 mA and 40 kV output. X-ray photoelectron spectroscopy (XPS) and ultraviolet photoemission spectroscopy (UPS) measurements were acquired by PHI VersaProbe 4 (ULVAC-PHI). The Fermi energy (Ef) and valence band energy (EVBM) of HTLs and corresponding perovskite films were measured by UPS. The energy of monochromatic light source was a He lamp (hv = 21.22 eV). The secondary cut-off edge was 16.29, 16.69 and 16.35 eV for NiOx, MeO-2PACz and NiOx/MeO-2PACz. According to the Equation: Ef = hv − Ecutoff, we calculated the Ef as 4.93, 4.53 and 4.87 eV, respectively. The EVBM value was determined by linear extrapolation (EVBM − Ef) in the low binding-energy region, revealing as 5.48, 5.49 and 5.69 eV, respectively37. The relationship between band gap (Eg) and optical absorption was in accordance with the Tauc relation: αhν = A(hν − Eg)1/2, where α is the absorption coefficient, hν is photon energy and A is the constant. The calculated Eg of NiOx, MeO-2PACz and NiOx/MeO-2PACz was 3.67, 3.76 and 3.72 eV, respectively. The Fourier-transform infrared (FTIR) spectroscopy was conducted by FT/IR-6700 and IRT-7200 FTIR microscope system (Jasco, Japan). The current–voltage (J–V) characteristics of PSCs were conducted in ambient air using an AM 1.5 G solar simulator (100 mW cm−2, WXS-155S-10: Wacom Denso Co., Japan). The incident photon-to-current conversion efficiency (IPCE) analysis was obtained by CEP-2000BX (Bunkoukeiki Co. Ltd., Japan). The MPP tracking was performed using a Keithley 2400 meter under the light soaking stability testing system (Bunkoukeiki Co., Japan) with the 100 W/cm2 Xenon lamp. The PSCs were stored in N2 glovebox and moved into air (∼30°C, ~50% RH) for long-term stability tests. The PAIOS system was utilized to acquire the light intensity-dependence of VOC and JSC, capacitance-frequency (C-F) response, Mott–Schottky plot, Nyquist plot, transient photocurrent (TPC), and transient photovoltage (TPV) decay.
Photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements of perovskite films were performed using a confocal PL system (Nanofinder 30) with a femtosecond Ti-sapphire laser (Spectra-Physics), at an excitation wavelength of 450 nm. The TRPL of perovskite devices was conducted by using a Hamamatsu C12132 fluorescence lifetime spectrometer using a 1.5 ns pulsed laser (15 kHz), at an excitation wavelength of 532 nm and excitation power of 0.1 mW. The aged devices for steady-state PL underwent MPP tracking for over 500 min in air (30℃, RH~ 50%) and then stored for about 1 week in a N2 glovebox. The aged perovskite films were obtained by peeling off the top-contact using packaging tape from these devices.
The deep-level transient spectroscopy (DLTS) was performed using the HF2LI lock-in amplifier-based DLTS system. The transient capacitance of the devices was recorded with the HF2LI lock-in amplifier, which supports a sampling rate of up to 210 MSa/s, coupled with the HF2TA trans-impedance amplifier from Zurich Instruments. An Agilent 81101A 50 MHz pulse generator was utilized to apply the external pulse voltage. The resulting AC current was converted into an AC voltage according to the relationship V=ZI, with the trans-impedance Z of the HF2TA set to a maximum of 1 kV/A, ensuring no bandwidth limitations during high-speed capacitance measurements. Temperature scans were conducted over a range of 200–340 K, controlled by the Model 9700 Temperature Controller. 
3. RESULTS AND DISCUSSION
3.1. HSM Design and Properties in Inorganic PSCs
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Figure 1. (a) Solar cell device architecture with a magnified illustration of MeO-2PACz molecule anchoring on NiOx nanoparticles as the HTL. (b) FTIR spectrum of MeO-2PACz powder (black), ITO/MeO-2PACz (blue) and ITO/NiOx/MeO-2PACz (red). XPS spectra at C 1s region for (c) NiOx, (d) MeO-2PACz, (e) NiOx/MeO-2PACz and O 1s region for (f) NiOx, (g) MeO-2PACz, (h) NiOx/MeO-2PACz.
In this work, MeO-2PACz, a widely used organic monolayer material, is incorporated into wide bandgap CsPbIBr2 perovskite (~2.1 eV). Figure 1a illustrates the schematic and device architecture of inverted CsPbIBr2 perovskite solar cells (PSCs), with a structure of ITO/HSM/CsPbIBr2/s-BCP/PCBM/BCP/Ag. The monolayer molecules densely cover the underlying NiOx nanoparticle, forming a modified self-assembled monolayer (SAM) via strong chemical bonds. As a comparison,  MeO-2PACz film is deposited onto the bare ITO substrate. Further details of fabrication methods are provided in the Experimental Section.
NiOx, MeO-2PACz and NiOx/MeO-2PACz films were deposited on ITO substrates to compare their opto-electronic properties. Figure S4 presents the transmittance spectra of HSMs on the ITO substrates, where the MeO-2PACz film exhibits a slight decline in the low-wavelength region (330-420 nm), compared to the NiOx-based films. This discrepancy is likely due to the weak molecule anchoring between the SAM and ITO substrate, leading to an inhomogeneous surface or pinholes38. We also carried out X-ray reflectometry (XRR) to evaluate the surface properties (Figure S5). The MeO-2PACz film exhibits a typical oscillation curve similar to that of the bare ITO substrate, which implies the formation of a smooth and ultrathin monolayer anchored on the ITO substrate39. In contrast, the NiOx film exhibits a rough surface and high thickness. A clear decrease in the oscillation period is observed after SAM deposition on the NiOx surface, suggesting successful anchoring of NiOx/SAM molecule. The surface wettability of the HSMs is determined by using a contact angle meter. The water contact angle is observed to be 29.4°, 59.4° and 72.3° for ITO/NiOx, ITO/MeO-2PACz and ITO/NiOx/MeO-2PACz, respectively (Figure S6), suggesting that surface hydrophobicity improved due to SAM anchoring onto NiOx, as later confirmed by Fourier-transform infrared (FTIR) and X-ray photoelectron (XPS) spectroscopy. Meanwhile, the NiOx/MeO-2PACz film shows a lower DMSO contact angle compared to single MeO-2PACz, indicating improved wettability for subsequent perovskite deposition (Figure S7). These wetting performances demonstrate the proper capacities of the substrate, contributing to optimal contact between the NiOx/SAM and CsPbIBr2 perovskite. FTIR spectroscopy was carried out to probe the interactions between SAMs with ITO or ITO/NiOx substrates using the attenuated total reﬂection (ATR) method. For easier comparison, the absorption band signals of the SAMs were amplified 40-fold (Figure 1b). The ATR spectra of MeO-2PACz powders displays characteristics absorption peaks at 949, 1024 and 1157 cm−1, corresponding to P-OH and P=O stretching vibrations40. However, in the absorption bands of the MeO-2PACz and NiOx/MeO-2PACz films, the peaks corresponding to P-OH species are absent. Only a small shoulder, shifted to 1160 cm−1 for P=O group, can be observed compared to bulk MeO-2PACz. The disappearance of P-OH group suggests the formation of chemical bonds between the phosphonic acid and hydroxy groups on ITO and ITO/NiOx surface. In addition, similar shifts prevail in pairs of stretching vibrations of the carbazole ring at 830, 837, 1479 and 1492 cm−1, which shift to approximately 880-885 cm−1 and 1481-1493 cm−1, respectively41,42. Two characteristic vibrational bands are well-defined as a C-N peak from the carbazole ring at 1210 cm−1 and a C-O peak from the asymmetric vibration of the adjacent methoxy group at 1579 cm−1. These peaks indicate that the SAM forms strong and numerous bonds with NiOx nanoparticle film, compared to the ITO substrate43,44. To further explore the evidence of SAM anchoring, we conducted XPS measurement at C 1s, O 1s, N 1s, P 2p, Ni 2p and In 3d regions (Figure 1c-h, Figure S8-11 and Table S2). Figure 1c-e presents the XPS spectra at C 1s region for the NiOx, MeO-2PACz and NiOx/MeO-2PACz films. The NiOx film exhibits three fitted peaks assigned to C-C (284.7 eV), C-O-C (286.1 eV) and C=O (288.4 eV). Evidence for the incorporation of the MeO-2PACz molecule is provided by the NiOx/SAM film, which shows two additional peaks at 285.6 eV and 287.8 eV, indicative of C-N and C-P bonds, respectively. Further results from XPS spectra at N 1s region (400.2 eV) and P 2p region (132.9 eV) correspond to the groups of carbazole ring and phosphorous acid, respectively (Figure S8 and S9). The O 1s spectra demonstrates the close contact of NiOx/SAM surface, where a pair of typical signals for Ni2+ at 529.4 eV (red) and Ni3+ (purple) at 530.7 eV are observed. Whereas NiOx film exhibits the peak position at 529.1 eV and 530.5 eV. Similarly, the Ni 2p species display a clear shift of 0.3 eV, which aligns with the FTIR shift of P=O group (Figure S10). The element contents by calculating the areas of the fitted peaks are summarized in Table S3. The NiOx/SAM film exhibits a higher ratio of C-N and C-P contents, indicating stronger and denser SAM anchoring onto NiOx nanoparticle film compared to the ITO substrate. Figure S11 shows the peaks at ln 3d region all aligned for NiOx, MeO-2PACz and NiOx/MeO-2PACz, further confirming the reliability of energetic values.
3.2. Inorganic CsPbIBr2 Perovskite Film Study
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Figure 2. Top-view SEM images of CsPbIBr2 films deposited on (a) MeO-2PACz and (b) NiOx/MeO-2PACz substrates. Cross-sectional SEM images of CsPbIBr2 films deposited on (c) MeO-2PACz and (d) NiOx/MeO-2PACz substrates. (e) XRD patterns and (f) optical absorption spectra of CsPbIBr2 films coated on NiOx, MeO-2PACz and NiOx/MeO-2PACz HTLs. Dark SCLC measurements of hole-only devices based on (g) MeO-2PACz and (h) NiOx/MeO-2PACz.
[bookmark: _Hlk171422640]The morphology of CsPbIBr2 perovskite films coated on SAM, NiOx/SAM and NiOx only are observed by using scanning electron microscopy (SEM), as shown in Figure 2a, b and Figure S12. It is reported that the surface properties of the as-prepared HSMs, which serve as substrates, are critical in determining the quality of the resulting perovskite layer45. Notably, the DMSO-wettable and hydrophobic surface of the NiOx/SAM enables rapid and uniform crystal nucleation, leading to larger grain sizes and a compact perovskite film without pinholes (Figure 2b). Additionally, compared to ~250 nm observed for the MeO-2PACz (Figure 2c) or NiOx single layer (Figure S13) from the cross-sectional SEM, it reveals a much higher thickness of ~350 nm for the perovskite layer coated on NiOx/MeO-2PACz (Figure 2d), indicating promoted grain growth on NiOx/SAM and contributing to fewer film defects. The enhanced crystallinity is further evaluated using X-ray diffraction (XRD) patterns, as shown in Figure 2e. The modified perovskite film obtains higher peak intensities at 15° and 30°, which index to (100) and (200) planes of a-phase CsPbIBr2, respectively15. These peaks imply grain growth in vertical planes which facilitates charge transfer. Owing to its improved morphology and enhanced crystallinity, NiOx/MeO-2PACz film demonstrates higher optical absorption (Figure 2f). The quality of perovskite films is investigated through space charge limited current (SCLC) measurements on hole-only devices (ITO/HSM/CsPbIBr2/Spiro/Ag), as depicted in Figure 2g, h. The current boosts linearly with the rise in bias voltage, corresponding to an ohmic response (n=1). As the voltage reaches a kink point, the current sharply rockets up in this region (n>3), which can be defined as the trap-state filling limit (VTFL). After the trap-state region is fully filled, the curve reverts to a quadratic relationship (n=2). The VTFL for the MeO-2PACz and NiOx/MeO-2PACz devices is determined to be 0.78 V and 0.21 V, respectively. Using Equation (1), we calculate the defect density (Nt)46:
	                                                                                                                                (1)
[bookmark: _Hlk171437824]where ε0 and ε are the vacuum and relative permittivity, e refers to the electron charge, and L is the film thickness. The NiOx/SAM device performs a significantly lower defect density of ‬3.28‬×1015 cm−3, compared the device based on only SAM (1.59×1016 cm−3). In the SCLC region (n=2),  the carrier mobility (μ) can also be determined by Equation (2)47：
	                                                                                                                                (2)
The hole mobility of the SAM and NiOx/SAM devices is estimated to be 1.05×10−5 cm2 V−1 s−1 and 1.43×10−5 cm2 V−1 s−1, respectively. The above results demonstrate the superior quality of the CsPbIBr2 film with the NiOx/SAM HSM, exhibiting desirable morphology, higher crystallinity, and reduced defects. This improvement is ascribed to the dense and uniform bottom contact provided by the SAM-covered surface. Moreover, the anchoring group enhances efficient hole transport.
3.3. Energetic Alignment and Carrier Dynamics
Ultraviolet photoelectron spectroscopy (UPS) is utilized to investigate the energetic properties of HTLs and the corresponding perovskite, in conjunction with the bandgap obtained from absorption spectra (Figure 3a, Figure S14 and S15). We summarize the highest occupied molecular orbital (HOMO) positions and work functions of the HTLs, as depicted in Figure 3b. The HOMO energy level of the NiOx/SAM is -5.69 eV, whereas the SAM is -5.49 eV, along with an increased work function from 4.53 to 4.87 eV, indicative of facilitated hole extraction. The NiOx/SAM film exhibits close contact with CsPbIBr2 perovskite in energy level alignment, which contributes to lower energy barrier and suppressed non-radiative recombination. 
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Figure 3. (a) UPS spectra of NiOx, MeO-2PACz and NiOx/MeO-2PACz and (b) corresponding energetic alignment referenced to the vacuum level (EVAC). The lowermost numbers represent the energy gap between the valence band maximum (EVBM) and Fermi level (EF). (c) Steady-state PL and (d) TRPL spectra of the NiOx, MeO-2PACz and NiOx/MeO-2PACz device from the ITO substrate (back side). (e) TRPL spectra of the perovskite film coated on glass, NiOx, MeO-2PACz and NiOx/MeO-2PACz from the perovskite surface (top side).
To further study the carrier dynamics of the NiOx/SAM, we conducted photoluminescence (PL) measurements for CsPbIBr2 perovskite films and complete devices. Figure 3c presents the steady-state PL of the CsPbIBr2 device based on different HTLs. Compared to the SAM-modified film, the perovskite coated on NiOx exhibits a red-shifted emission peak (~3 nm), likely due to phase transition or spontaneous recombination via generated trap states48. In line with the optimized morphology and crystallinity, this shift implies that the anchoring SAM could passivate the perovskite and reduce surface defects. Moreover, the reduced intensity indicates more efficient PL quenching of holes from NiOx/SAM side. The time-resolved PL (TRPL) spectra show a much faster decay for NiOx/SAM with a calculated lifetime of 1.29 ns, whereas the lifetime for SAM and NiOx is 4.93 and 5.77 ns, respectively, which is on behalf of an enhancement in hole transfer (Figure 3d and Table S4). In principle, the τ2 is correlated to non-radiative recombination at both bulk and interface. However, extracting an absolute parameter from transient is quite challenging, due to the fast carrier transfer in complete device, which is consistent to efficient PL quenching30,49. More evidence of carrier dynamics and recombination will be discussed later in solar cell performance. On the other hand, the perovskite film coated on NiOx/SAM prolongs the PL lifetime by over 3-fold compared to the perovskite on NiOx or single SAM, as shown in Figure 3e and Table S5. Interestingly, the PL decay of NiOx/SAM even surpasses that of the glass substrate, which has no hole extraction. This result can be ascribed to the effective defect passivation in grain boundaries and surface of high-quality perovskite via interface modification, significantly reducing the formation of recombination center and resulting in extended bulk lifetime. Taken together, these PL results demonstrate the superb transporting capacity and suppressed interface recombination for NiOx/SAM. 


3.4. Insertion of s-BCP interlayer
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[bookmark: _Hlk179200678][bookmark: _Hlk187944451]Figure 4. (a) Energy level diagram of CsPbIBr2 device with dual interfaces modification. (b) Dark SCLC of the electron-only device (ITO/SnO2/perovskite/PCBM/Ag) with and without s-BCP interlayer under dark conditions. (c) TRPL spectra of the NiOx/SAM-based device with and without s-BCP interlayer from the ITO substrate (back side). Time-dependent PL spectra of (d) the control device (ITO/MeO-2PACz/perovskite/PCBM/BCP/Ag) and (e) the target device (ITO/NiOx/MeO-2PACz/perovskite/s-BCP/PCBM/BCP/Ag) without encapsulation under continuous 450 nm laser excitation from the ITO substrate (back side). (f) Mott–Schottky plots, (g) deep-level transient spectroscopy (DLTS) and (h, i) corresponding energetic alignment of the band and defect of the control and target devices, respectively.
To address the dilemma of undesirable electron blocking and surface instability of CsPbIBr2 PSCs, we introduced an ultrathin, bifunctional s-BCP interlayer as an insulating cap on the absorber. Figure 4a illustrates the energy level diagram of each functional layer in the dual-interface-modified CsPbIBr2 PSCs. The mismatched VBMs between the HTL (including NiOx and SAM at -5.5 eV) and the deep-lying CsPbIBr2 (-6.0 eV) generate a huge energy barrier, limiting the PV output. In contrast, the lower VBM of the NiOx/SAM presents a well-matched energy level alignment, which facilitates efficient carrier charge extraction at the HTL/perovskite interface and reduces energy loss. At the perovskite/ETL interface, the surface treatment with s-BCP interlayer blocks the hole extraction from the ETL side and suppresses interface recombination caused by the close energy levels of CsPbIBr2 and PCBM. This dual-interface energy modulation reduces energy loss and enables carrier charge collection on both HTL and ETL sides, contributing to optimal J-V performance. To probe the defect properties and electron transfer of the s-BCP-incorporated film, SCLC measurement was performed on electron-only devices with the configuration of ITO/SnO2/perovskite/PCBM/Ag, as shown in Figure 4b. In line with the discussion of Equation (1) and (2) above, the lower VTFL indicates effective defect passivation and promoted electron mobility of 2.10×10-5 cm2 V-1 s-1 for the s-BCP-incorporated device, compared to the pristine device (1.33×10-5 cm2 V-1 s-1). Carrier dynamics derived from TRPL spectra further support this viewpoint, as shown in Figure 4c. The shortened lifetime of the s-BCP-incorporated device suggests faster electron transfer and suppressed non-radiative recombination at the perovskite/ETL interface (Table S6). The water contact angle measurement was conducted on perovskite films with dual interfaces modification to assess the impact of s-BCP on stability (Figure S16). The film with dual interfaces modification exhibits the highest contact angle of 76.4°, indicative of a promotion in hydrophobicity due to the s-BCP treatment, compared to the film with only buried interface modification (52.1°) and the pristine film (51.8°). To further study the mechanism behind the enhanced stability of perovskite with dual interfaces, we utilized time-dependent PL spectra for the pristine (control) and dual-interface device (target) under continuous 450 nm laser excitation (Figure 4d, e). Under intense laser exposure, the PL signal of the control device begins to decline within 1 minute and gradually decreases throughout the measurement. Simultaneously, a red shift occurs with increasing excitation time, accompanied by a deviation of the PL tail on the high-wavelength side. This PL change indicates severe light-induced phase segregation in inorganic perovskite film under intense laser excitation22. However, the target device shows unchanged PL intensity with negligible peak shift, suggesting suppressed phase segregation. The grain boundaries, bulk and surface defects of perovskite are regarded as important ion migration channels. The enhanced light stability of the target device may be ascribed to the incorporation of the s-BCP interlayer which passivates perovskite surface and reduces charge accumulation at the perovskite/ETL interface, forming an energy barrier that suppresses trap-state recombination and ion migration50,51. Additionally, we performed capacitance characterization to evaluate the charge extraction and collection. The target device exhibits lower capacitance compared to the control device in a low frequency region of the capacitance-frequency (C-F) plot, indicating suppressed charge accumulation, as shown in Figure S1752,53. Figure 4f presents the Mott-Schottky plot with the fitted built-in potential (Vbi) of 0.58 V and 0.88 V for control and target device, respectively, as determined by Equation (3)54:
	                                                                                                                                (3)
where A is device area, e represents the electron charge, NA is carrier concentration, ε0 and ε are referred as the vacuum and relative permittivity, respectively. The increased Vbi indicates more efficient charge carrier separation through dual interfaces, which is in line with gradient energy level alignment, resulting in VOC improvement. 
[bookmark: _Hlk196850866]Deep-level transient spectroscopy (DLTS) is conducted to further investigate the trap states and defect properties of absorber layer. Figure 4g identifies the dominant peak corresponding to the p-type defect level for holes in the control and target device, labeled as D1 and D2, respectively through temperature scans55. The activation energy (Et), capture cross-section (σ) and trap density (Nt) are extracted from the corresponding Arrhenius plots (Figure S18 and Table S7). The energetic properties and distributions are illustrated in Figure 4h, i for control and target device, respectively. The deep-level traps associated with the formation of interstitial Pb (Pbi) and antisite defect (IPb) are reduced from 0.601 eV to 0.578 eV above the EVBM in the target device, compared to the control device56,57. While shallow traps near the band edges have a limited impact, deep-level traps act as recombination centers and severely capture both electrons and holes, thereby deteriorating the PV performance. Accompanied by the shallowed trap, the target device also exhibits lower trap density, decreasing from 3.23×1014 cm-3 to 2.21×1014 cm-3. In addition, the less captured cross-section of the target device suppresses the formation of nonradiative recombination centers in absorber layer, leading to extended bulk lifetime58. These results suggest that the dual interfaces modification passivates defect sites at grain boundaries and perovskite surface, enhances hydrophobicity, and facilitates interfacial charge transfer, which plays a crucial role in mitigating charge-induced instability triggered by external stimuli, such as moisture, light, etc.
3.5. Solar Cell Performance
[bookmark: _Hlk172227766]The dual-interface-modified CsPbIBr2 PSCs, with the configuration of ITO/NiOx/MeO-2PACz/CsPbIBr2/s-BCP/PCBM/BCP/Ag (referred to as the DI device), boosts the champion PV performance in small area (0.09 cm2), as shown in Figure 5a. For comparison, the devices with only the buried interface (BI) modification are referred to as the BI device. The slight current bulges observed in the J-V curves of the BI and DI device are attributed to an enhanced extracted photocurrent, induced by the transient electric field generated from ion accumulation at the perovskite/s-BCP interface59. The PV parameters are summarized in Table 1. As a result, the enhanced capacities in perovskite crystallinity, defect passivation, carrier separation, and ion-migration inhibition synergistically yield to the optimal DI device, achieving a champion PCE of 10.2% with enhanced VOC of 1.22 V, JSC of 10.1 mA/cm2 and FF of 82.3%. Compared to the champion device, the BI device exhibits a lower PCE of 8.2%, with a reduced JSC of 9.1 mA/cm2 and FF of 74.0%. This decline is attributed to the banked-up carrier and interface recombination at the perovskite/ETL junction. By contrast, it is observed that the control device without any modification has the lowest performance (PCE= 6.5% with VOC= 1.15 V, JSC= 8.1 mA/cm2 and FF= 69.7%). Their stabilized power output (SPO) efficiencies are 5.4%, 7.9% and 9.7%, respectively (Figure 5b). To assess the impact of each modification on PSC performance individually, we also compared the J-V characteristics of NiOx- and MeO-2PACz-based single-HTL device, respectively (Figure S19). The NiOx-based device exhibits poor performance with PCE= 4.4%, VOC= 1.07 V and JSC= 5.8 mA/cm2. Notably, the PCE of the MeO-2PACz-based device after s-BCP modification is improved from 6.5% to 9.0% with significantly enhanced JSC of 9.6 mA/cm2 and FF of 80.4%. Figure S20 displays the highest external quantum efficiency (EQE) of the DI device than those of BI and control device, together with the best integrated photocurrent of 10.0 mA/cm2, which is well-matched to the J-V measurement. The hysteresis is also visibly alleviated for DI device of 11.8%, compared to BI of 17.1% and control device of 18.5% (Figure S21). To assess the reproducibility of the different interface modifications, we summarize the statistical J-V parameters for the control (20 devices), BI (20 devices) and DI (40 devices), as shown in Figure 5c. These results indicate that the promoted VOC and JSC are the dominant factors contributing to higher PCE following robust SAM anchoring at the buried interface. Figure S22 shows the dark J-V curves of CsPbIBr2 devices. The control and BI device exhibit high leakage current, which implies severe carrier recombination. Whereas the leakage current of the DI device is significantly reduced, leading to an improvement of FF60,61. Based on this, the s-BCP modified device achieves an average FF of 80%, demonstrating confirmed reproducibility.
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[bookmark: _Hlk175245134][bookmark: _Hlk175247478][bookmark: _Hlk197020237]Figure 5. (a) J-V curves and (b) SPO of the best cells (0.09 cm2). (c) Statistical J-V parameters of the control (20 samples), BI (20 samples) and DI devices (40 samples). (d) Light intensity-dependence of VOC. (e) EIS spectra with the equivalent circuit fitted by using Z-View. (f) Transient photovoltage and (g) Transient photocurrent decay of the control, BI and DI devices. (h) J-V curve of the champion device with an aperture area of 1.0 cm2.
Table 1. Detailed PV parameters of the control, BI and DI devices.
	
	VOC (V)
	JSC (mA/cm2)
	FF (%)
	PCE (%)

	Control
	1.15
	8.1
	69.7
	6.5

	BI
	1.21
	9.1
	74.0
	8.2

	DI
	1.22
	10.1
	82.3
	10.2


To investigate the mechanisms of charge carrier dynamics and recombination, we carried out a series of measurements using an electrochemical workstation. As depicted in Figure 5d, the lower slope of the light intensity-dependent VOC for the DI device (1.50 kBT/q) indicates a significant suppression in trap-assisted charge recombination, compared to those for the BI (1.91 kBT/q) and control device (2.77 kBT/q)62,63. Additionally, Figure S23 performs the relationship between light intensity and JSC. The slope (a) of light intensity-dependent JSC is regarded close to 1 for an ideal device, indicating negligible bimolecular charge recombination64. The highest slope (a) of 0.97 for DI device can be ascribed to the favorable energy level alignment and reduced trap recombination center. The calculation of FF loss is further investigated to evaluate the impact of dual interfaces modification on the enhanced FF (Figure S24). The improvement of FF indicates a reduction in charge transport loss, which is mainly attributed to decreased trap-assisted recombination and enhanced charge separation. The electrochemical impedance spectroscopy (EIS) demonstrates that the DI device has a higher recombination resistance (Rrec), contributing to suppress non-radiative recombination and reduce energy loss (Figure 5e)65,66. Figure 5f compares the transient photovoltage (TPV) of different devices with corresponding charge-recombination lifetime (τR), in which the DI device exhibits a much longer τR of 1.9 μs than those of the control and BI device. This result verifies the suppressed interface recombination by the incorporation of s-BCP interlayer. In addition, Figure 5g illustrates that the DI device exhibits a faster transient photocurrent (TPC) decay with reduced charge-collection lifetime (τC) of 0.24 μs. It indicates facilitated charge extraction and collection at NiOx/SAM interlayer, similar to the BI device, which has a τC of 0.25 μs67. The above evidence demonstrates the facilitated charge extraction and collection of dual interfaces modification, leading to improved device performance. To evaluate the large-scale potential for future manufacturing, we upscaled the CsPbIBr2 PSCs to an aperture area of 1.0 cm2 (Figure 5h and Figure S25). The DI device exhibited the best PCE of 8.7% with VOC of 1.19 V, JSC of 9.9 mA/cm2 and FF of 73.7%. Compared to the small area device, the reduction in performance is primarily attributed to the increased series resistance and lower conductivity of the larger ITO electrodes (with a sheet resistance of ~30 Ω sq-1), leading to FF loss68,69.
3.6. Device Stability Test
[bookmark: _Hlk196845829][bookmark: _Hlk196846064]To investigate the impact of dual interfaces modification on the durability of CsPbIBr2 devices, we characterize the aged perovskite films (Figure S26) and solar cells (Figure S27) under light illumination. Figure 6a, b illustrates the steady-state PL of the control and DI device, respectively. The PL peak for CsPbIBr2 perovskite film of the control device shifts towards higher wavelengths, indicating rapid light-induced phase segregation. In contrast, the peak position remains stable for the target device, strongly demonstrating that the dual interfaces modification considerably enhances phase stability under light illumination. Along with the optical properties, XRD are also conducted on both aged dual-interface-modified and pristine perovskite films to monitor their crystallinity, as shown in Figure 6c. Compared to the XRD result in Figure 2e, a new peak at 11.3° appears in the aged reference film. This peak can be assigned to the formation of PbI2, which indicates degradation of the CsPbIBr2 perovskite film after light soaking70,71. According to the DLTS analysis in Section 3.4, the PbI2 observed in the reference film correlates with the formation of excess interstitial Pb (Pbi) and antisite defect (IPb), which originate the dominant deep-level traps and increase defect density. By contrast, the aged perovskite film with dual interfaces modification exhibits an XRD pattern identical to that of the fresh film, indicating no evident decomposition after light soaking. This robust phase stability is attributed to the defect passivation and inhibition of ion migration enabled by the dual interfaces modification23,72. These findings suggest that the degradation of pristine CsPbIBr2 film under light soaking is mainly driven by decomposition and light-induced phase segregation, both of which are effectively suppressed via dual interfaces modification. In summary, the improved stability of the perovskite film is attributed to the synergistic effect of enhanced hydrophobicity, trap-state suppression, ion-migration inhibition and reduced phase segregation, all achieved through dual interfaces modification. These factors collectively contribute to long-term device durability.
To evaluate the operational stability based on dual interfaces modification, we conduct the MPP tracking of those unencapsulated PSCs under continuous 1-sun illumination in ambient air (Figure 6d). The control device shows a rapid degradation, with its initial PCE dropping to ~60.4% after 150 minutes. The BI device performs an improved lifetime, retaining ~71.1% of its initial efficiency after 200 minutes, implying that the NiOx/SAM buried layer contributes to enhanced operational stability, while the DI device shows almost no efficiency loss. Remarkably, the DI device retains 91% of its initial PCE over 500 min of MPP tracking under ambient condition (RH ~50%), which demonstrates superior stability due to dual interfaces modification. Figure 6e shows the long-term stability from a batch of unencapsulated devices. The DI devices retain ~90% of their initial PCE after 300 days of storage, tested at ~30°C, ~50% RH, while the BI devices retain ~61%, highlighting the prolonged shelf life by incorporation of s-BCP. In contrast, the control devices degrade rapidly to 54% in only 20 days. To verify durability, we also conducted MPP tracking for the encapsulated DI device, which achieves prolonged operation, retaining ~87.1% of its initial efficiency after 110 h—encouragingly one of the longest lifetimes reported for pure-CsPbIBr2 devices (Figure 6f). Additionally, the encapsulated DI device exhibits <5% degradation of PCE over 300 days of storage, as shown in Figure 6g.
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Figure 6. Steady-state PL spectra of the aged (a) control device and (b) DI device from the ITO substrate (back side) before and after light soaking. (c) XRD patterns of aged CsPbIBr2 film based on single MeO-2PACz HTL and dual interfaces modification, respectively after light soaking. (d) MPP tracking under continuous, 1-sun AM 1.5G illumination (reaching a temperature of ∼30°C, ~50% RH in operation) and (e) Normalized PCE statistics of the control (3 samples), BI (4 samples) and DI devices (7 samples) without encapsulation over 300 days. (f) MPP tracking under continuous, 1-sun AM 1.5G illumination and (g) Normalized PCE statistics of the encapsulated DI device over 300 days.
4. CONCLUSIONS
In summary, we successfully anchored MeO-2PACz on NiOx as a hole selective monolayer through robust chemical bonds, while incorporating s-BCP as an insulating layer for inverted CsPbIBr2 PSCs. The NiOx/MeO-2PACz buried layer introduced a favorable interface that promoted gradient energy level alignment and optimal contact for perovskite growth and crystallization, leading to facilitated carrier extraction and reduced energy loss. The high-quality perovskite film obtained the suppression of trap-state and prolonged carrier lifetime. Furthermore, the incorporation of the s-BCP interlayer enabled surface passivation and enhanced charge separation, forming a tunnel contact between the perovskite and ETL, which improved device performance by dramatically increasing FF. These results suggest that dual interfaces modification provided an energy barrier to ion-migration and suppress light-induced phase segregation in perovskite layer, thereby proposing a promising strategy for achieving high-performance and stable inverted CsPbIBr2 PSCs.
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