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Perovskite precursor formulations that
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imposed by the underlying layer. Here, we

reveal that the underlayer-dependent

retention of MACl-derived intermediate

phases at the buried interface is

responsible for this performance
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chloride originating from volatile MACl-

derived species with PbCl2-derived

chloride modulates interfacial nucleation

and growth, thereby enabling highly

efficient perovskite solar cells.
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SUMMARY

A perovskite precursor solution that delivers power conversion efficiencies (PCEs) exceeding 26% in conven

tional n-i-p solar cells exhibits severe performance losses when directly applied to inverted p-i-n architec

tures, revealing that high-efficiency compositions are not inherently transferable. Here, we identify a 

buried-interface crystallization mismatch, arising from the distinct physicochemical natures of inorganic 

SnO2 electron-transporting layers and organic self-assembled hole-transporting monolayers (SA-HTLs), as 

the origin of this divergence. The methylammonium chloride (MACl)-associated intermediate phase, 

MA2Pb3I8 ⋅ 2DMSO, persists and decomposes with strong underlayer dependence, stabilizing beneficially 

on SnO2 but impeding crystallization on SA-HTLs. To overcome this limitation, we develop a chloride-origin 

engineering strategy that decouples chloride functionality from volatile organic ammonium species by incor

porating low-solubility lead chloride (PbCl2) with strong Pb–Cl coordination. This enables controlled interfacial 

desolvation and nucleation on SA-HTLs, suppresses buried defects, and establishes buried-interface crystal

lization control as a design principle for architecture-convergent, high-efficiency perovskite solar cells.

INTRODUCTION

Perovskite solar cells (PSCs) have advanced rapidly in both 

conventional n-i-p and inverted p-i-n architectures, with certified 

power conversion efficiencies (PCEs) in single-junction devices 

now exceeding 27%.1–4 These two architectures are fundamen

tally distinguished by the nature of the charge-transporting 

underlayer on which perovskite crystallization is initiated. In 

n-i-p devices, perovskite films are typically deposited on inor

ganic metal oxide electron transport layers (ETLs), such as 

CONTEXT & SCALE Perovskite solar cells (PSCs) have reached high efficiencies in both conventional n-i-p 

and inverted p-i-n architectures. However, the architecture-dependent nature of perovskite crystallization 

limits the universal transferability of high-performance precursor formulations. Here, we show that this 

poor transferability originates from a buried-interface crystallization mismatch, in which methylammonium 

chloride (MACl)-derived intermediate phases are retained on hydrophobic self-assembled hole-transport 

layers, inducing interfacial voids and defects. By replacing excess volatile MACl with low-solubility lead 

chloride (PbCl2), chloride chemistry is localized through Pb–Cl coordination, enabling controlled interfacial 

nucleation and improving buried-interface quality. This strategy enables inverted PSCs to achieve a power 

conversion efficiency of 26.3%, fill factors of up to 86.8%, and enhanced stability. These findings provide 

a practical design principle for adapting high-efficiency perovskite formulations across different device 

architectures. 
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SnO2 or TiO2, whereas inverted p-i-n devices predominantly rely 

on organic self-assembled hole-transporting monolayers 

(SA-HTLs).5–7 The replacement of TiO2 with SnO2 has driven 

substantial efficiency gains in n-i-p PSCs,8,9 while in p-i-n archi

tectures, substituting conventional hole-transporting materials 

such as poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfo

nate) (PEDOT:PSS)10 and poly(triarylamine)11 with SA-HTL- 

based contacts has enabled similarly rapid progress.4,12 These 

advances arise from the molecular-scale thickness of SA- 

HTLs, their tunable interfacial dipoles, and their minimal optical 

and resistive losses.13,14

Despite these developments, a persistent performance asym

metry remains between n-i-p and p-i-n architectures when iden

tical perovskite precursor formulations are employed. In our 

work, SnO2 ETL-based n-i-p PSCs using formamidinium lead 

triiodide (FAPbI3)-based absorbers achieved PCEs exceeding 

26%.3,15 However, when the same precursor composition was 

directly transferred to SA-HTL-based p-i-n devices, a pro

nounced efficiency loss was observed. This finding challenges 

a widely held, but rarely scrutinized, assumption in the field: 

that perovskite precursor compositions optimized for one device 

architecture are not directly transferable to another.

In high-efficiency FAPbI3-based PSCs, particularly in n-i-p 

configurations, large amounts of methylammonium chloride 

(MACl), typically 30–50 mol %,3,15,16 are routinely incorporated 

into the precursor solution. MACl is known to retard premature 

nucleation by forming an intermediate phase with PbI2, while 

suppressing the formation of the non-photoactive δ-phase.17,18

Through the generation of volatile intermediates, MACl lowers 

the activation energy for the δ-to-α phase transition of FAPbI3, 

enabling controlled crystallization and improved film morphol

ogy.15,19,20 Consequently, high MACl concentrations have 

been widely adopted in n-i-p architectures, where perovskite 

crystallization occurs on high-surface-energy, highly hydrophilic 

SnO2 ETLs.21,22 By contrast, SA-HTLs such as [4-(3,6-dimethyl- 

9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz) in p-i-n 

architectures exhibit intrinsically low surface energy and hydro

phobic surface terminations arising from their long alkyl 

chains.23–25 This hydrophobicity increases the contact angle of 

the perovskite precursor solution and elevates the Gibbs free 

energy for heterogeneous nucleation (ΔGₕₑₜ), thereby delaying 

nucleation at the buried interface.26–28 These considerations 

underscore the importance of understanding how the contrast

ing surface properties of inorganic SnO2 and organic SA-HTLs 

govern perovskite crystallization from MACl-containing pre 

cursor solutions.

Here, we elucidate the origin of a buried-interface crystalliza

tion mismatch that emerges when identical perovskite precursor 

solutions containing 30 mol % MACl are processed on inorganic 

SnO2 and organic SA-HTL underlayers. We identify the persis

tence and delayed decomposition of MACl-associated interme

diate phases as a primary origin of this mismatch, which 

becomes particularly detrimental at hydrophobic self-assem

bled monolayer (SAM) interfaces. By reducing the content of vol

atile MACl and introducing low-solubility lead chloride (PbCl2), 

which establishes strong Pb–Cl coordination, we regulate the 

interfacial desolvation kinetics and nucleation pathway on SAM 

surfaces. This tailored crystallization control suppresses the for

mation of buried interfacial defects, facilitates more efficient 

charge extraction, and markedly reduces non-radiative recombi

nation losses, thereby increasing PCEs.

RESULTS AND DISCUSSION

Architecture-dependent transferability of a perovskite 

precursor solution

We first examine the transferability of a perovskite precursor so

lution that delivers high efficiencies in conventional n-i-p devices 

when applied to inverted p-i-n architectures. As shown in 

Figure 1A (see Figure S1 and Table S1), n-i-p PSCs employing 

SnO2 as the ETL exhibit average PCEs exceeding 25%, with 

champion devices exceeding 26%, fully consistent with our pre

vious reports.3,15,22 By sharp contrast, when the identical perov

skite precursor composition is applied to p-i-n PSCs based on 

a SAM + NiOx hole-transporting layer, the average PCE drops 

to ∼18%, with a maximum efficiency of only ∼21%. X-ray 

diffraction (XRD) analysis (Figure S2) reveals that the perovskite 

films deposited in both architectures exhibit nearly identical 

crystalline phases, suggesting that bulk phase purity alone 

cannot account for the pronounced performance disparity. To 

identify the underlying origin of this efficiency loss, we therefore 

investigated the perovskite film morphology using both top-view 

and cross-sectional scanning electron microscopy (SEM). When 

a precursor containing 30 mol % MACl was deposited on an 

SnO2 ETL (denoted as MACl 30 mol %/ETL), the resulting perov

skite films exhibited large grain sizes, pinhole-free surfaces, and 

uniform morphologies, as shown in the top-surface and buried- 

interface images in Figures 1B and 1C. Cross-sectional SEM 

images further confirmed a conformal and void-free interface 

between the perovskite layer and SnO2 (Figure S3), indicating 

favorable heterogeneous nucleation and interfacial crystalliza

tion on the inorganic underlayer. On the other hand, when the 

same n-i-p-optimized precursor solution was directly deposited 

on a Me-4PACz + NiOₓ hole-transport layer (denoted as MACl 

30 mol %/SA-HTL), pronounced pinholes on the top surface 

and extensive voids and cracks at the buried interface were 

observed (Figures 1B and 1C). Cross-sectional imaging reveals 

large interfacial voids at the perovskite/Me-4PACz interface, 

which are well known to act as trap-rich non-radiative recombi

nation centers. These interfacial defects lead to severe charge 

losses, reduced device efficiency, and compromised operational 

stability. Collectively, these observations demonstrate that a 

precursor formulation that delivers high efficiency in n-i-p 

devices fails catastrophically when directly transferred to p-i-n 

architectures, revealing a fundamental architecture-dependent 

limitation.

To elucidate the origin of this architecture-dependent failure, 

we systematically varied the MACl concentration in perovskite 

films deposited on SA-HTLs. Reducing the MACl content from 

30 mol % to 10 mol % (denoted as MACl 10 mol %/SA-HTL) re

sulted in smaller grain sizes but significantly suppressed pinhole 

formation at grain boundaries (Figure S4). Correspondingly, 

PSCs fabricated with MACl 10 mol % exhibited the highest 

PCE distribution among SA-HTL-based devices (Figure S5), indi

cating that excessive MACl is detrimental to film formation on hy

drophobic SAM underlayers. The structural evolution of these 
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films during thermal annealing was further investigated by in situ 

grazing-incidence wide-angle XRD (GI-WAXD). For MACl 30 mol 

%/ETL films (Figure 1D, left), the phase transition from the non- 

photoactive δ-phase to the photoactive α-phase of FAPbI3 pro

ceeded smoothly upon heating from room temperature (RT) to 

100◦C. By contrast, MACl 30 mol %/SA-HTL films (Figure 1D, 

center) exhibited additional diffraction peaks at 0.45 and 

0.63 Å⁻¹ after several minutes of annealing, corresponding to 

the (002) and (022) planes of the MA2Pb3I8 ⋅ 2DMSO intermediate 

phase formed through interactions between MA+ ions and PbI2 ⋅ 
dimethyl sulfoxide (DMSO) complexes.5,29 The persistence and 

delayed decomposition of these volatile intermediate phases, 

exacerbated by the hydrophobic nature of SAMs, lead to pro

gressive void formation during annealing, as directly observed 

in Figure S6. By contrast, no distinct intermediate phases are 

observed in the MACl 10 mol %/SA-HTL system, which pre

serves a smooth, compact morphology throughout the anneal

ing process (Figure 1D, right). To further clarify the depth-depen

dent evolution of the intermediate phase, GI-WAXD depth 

profiling was performed (Figure S7). In the MACl 30 mol % sys

tem, a pronounced substrate-dependent difference is observed. 

For the SA-HTL sample, the intermediate-phase peaks are 

strongest at larger probing depths at 0 s and remain detectable 

after 10 s of annealing, indicating preferential retention of the in

termediate phase near the buried interface. By contrast, for the 

SnO2 sample, the intermediate-phase signal is weaker and dis

appears much more rapidly, showing no comparable persis

tence at deeper regions. By 60 s, the intermediate phase is no 

Figure 1. Correlation between film crystalli

zation behavior, interfacial morphology, 

and photovoltaic performance in MACl-as

sisted perovskites 

(A) Power conversion efficiency (PCE) distribu

tions of the corresponding photovoltaic devices, 

(B) top-surface SEM images of perovskite thin 

films prepared with MACl additives of 10 and 

30 mol % deposited on ETL SnO2 and HTL Me- 

4PACz/NiOx underlayers, (C) buried-interface 

SEM images of the corresponding perovskite thin 

films, (D) in situ GI-WAXD intensity maps recorded 

during film crystallization highlighting differences 

in crystal orientation evolution.

longer evident in either case. These re

sults demonstrate that under high-MACl 

conditions, SA-HTL locally stabilizes the 

intermediate phase near the buried inter

face, thereby retarding its conversion and 

delaying crystallization into the perov

skite phase. Photovoltaic devices fabri

cated from these films exhibit perfor

mance trends fully consistent with the 

observed morphological and structural 

characteristics (Figures 1A and S6; 

Table S1). While high MACl concentra

tions are beneficial for promoting perov

skite crystallization on inorganic ETLs, 

inverted p-i-n PSCs based on SA-HTLs 

require substantially reduced MACl contents to suppress 

buried-interface defects. Although lowering the MACl concen

tration effectively mitigates intermediate-phase formation, it 

simultaneously limits the ability to precisely regulate nucleation 

kinetics and maintain a stable chloride supply at the buried inter

face, highlighting an intrinsic trade-off in SA-HTL-based p-i-n 

PSC processing.

Regulation of buried-interface crystallization

To overcome the inherent trade-off between nucleation control 

and interface quality associated with volatile MACl, we investi

gated non-volatile chloride sources, including cesium chloride 

(CsCl), RbCl, KCl, and PbCl2, to enable more stable control of 

buried interfaces. As shown in Figure S8, alkali metal chlorides 

yield only modest improvements, whereas PbCl2 delivers the 

greatest enhancement in device performance. Consistently, 

SCLC analysis reveals that PbCl2 produces the lowest trap den

sity among all candidates (Figure S9). Notably, the effects of 

CsCl, RbCl, and KCl are difficult to interpret exclusively in terms 

of chloride functionality because the added Cs+, Rb+, and K+ 

may also influence crystallization and defect passivation. By 

contrast, PbCl2 provides a cleaner platform to evaluate the role 

of Cl− , since Pb2+ is already a constituent cation of FAPbI3. 

Therefore, the superior results obtained with PbCl2 strongly 

support the view that chloride-mediated interfacial crystal

lization control is the key mechanism. Accordingly, PbCl2 was 

selected as the optimal chloride source to regulate buried-inter

face crystallization30,31 while avoiding the excessive nucleation 
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suppression induced by MACl. Consistently, device perfor

mance shows a strong dependence on PbCl2 content, with an 

optimal condition at 2 mol %, while higher concentrations lead 

to performance degradation (Figure S10). For clarity, perovskite 

precursor solutions containing 30 mol % MACl are denoted as 

control, those with 10 mol % MACl as reference, and those incor

porating mixed chloride sources (10 mol % MACl and 2 mol % 

PbCl2) as target. XRD analysis revealed a progressive reduction 

in the intensity of the (100) reflection from control to reference 

and target samples, accompanied by a pronounced enhance

ment of the high-index (211) reflection in the target film 

(Figure S11). Consequently, the intensity ratio of the (211)/(100) 

planes reached its maximum value for the target sample 

(Figure 2A), indicating a crystallographic orientation shift toward 

low-surface-energy, high-index facets such as (211).32–34 Impor

tantly, XRD measurements performed on both bare fluorine- 

doped tin oxide (FTO) and SA-HTL substrates showed that 

although precursor-dependent orientation differences were 

already evident in the bulk films, the enhancement of the (211) 

peak became much more pronounced on SAM-based sub

strates, highlighting a significant interfacial contribution to the 

orientation evolution. To determine whether this orientation 

evolution occurs during film formation, we further performed 

time-dependent XRD measurements during the early stage of 

annealing (Figure S12). While the control film exhibited increas

ingly dominant α-FAPbI3 growth along the (100) direction, the 

target film showed a progressive increase in the high-index 

(211) reflection near ∼35◦ with increasing annealing time. These 

results indicate that PbCl2-derived nucleation actively partici

pates in the early evolution of crystallographic orientation, rather 

than merely influencing the structure of the fully annealed film. 

This behavior reflects the distinct crystallization roles of PbCl2 

depending on its chemical source. MACl-derived chloride, ho

mogeneously distributed in the precursor solution, primarily 

retards nucleation and stabilizes growth along the thermody

namically favored (100) plane.16,35 By contrast, PbCl2-derived 

chloride is likely to remain locally near the buried interface 

because of its lower solubility and stronger Pb–Cl coordination. 

This localized chloride can promote desolvation and hetero

geneous nucleation at the interface, thereby facilitating the 

development of the (211)-oriented structure. Contact-angle 

measurements further supported improved precursor wetta

bility, with the target film showing a smaller contact angle 

(23.8◦) than the control (33.1◦) and reference (29.2◦) samples 

(Figure S13). This enhanced wettability is expected to promote 

more uniform film formation and suppress defect generation at 

the buried interface. Consistent with these findings, the target 

films exhibited large, well-connected grains and smooth, void- 

free morphologies after annealing (Figure S14).

The spatial distribution of chloride after film formation was 

examined by time-of-flight secondary ion mass spectrometry 

(TOF-SIMS) (Figures 2B and S15). In the target films, chloride 

was strongly enriched at both the top surface and the buried 

interface, while the bulk region showed markedly reduced chlo

ride intensity. Notably, the target + PbCl2 (3 mol %) sample 

showed even stronger Cl signals at both interfaces, indicating 

that chloride retention was further enhanced with increasing 

PbCl2 content. By contrast, films containing only MACl retained 

little residual chloride after annealing, despite their higher nomi

nal chloride content. Moreover, the pronounced Cl2
− signal 

observed in the PbCl2-containing samples suggests the exis

tence of clustered or coordinated Pb–Cl species rather than 

Figure 2. Crystallographic orientation, chloride distribution, and interfacial chemical states of the target perovskite thin film 

(A) Ratio of the XRD peak intensities corresponding to the (100) and (211) reflections; (B) comparison of Cl⁻ peak intensities obtained from TOF-SIMS analysis; Pb 

4f XPS spectra of the perovskite thin film measured at the (C) top surface and (D) buried interface; and (E) top-surface, cross-sectional, and buried-interface views 

of the target thin film with the stack perovskite/Me-4PACz/NiOx/FTO/glass.

Please cite this article in press as: Kim et al., Buried-interface crystallization limits the transferability of high-efficiency perovskite precursor composi-

tions, Joule (2026), https://doi.org/10.1016/j.joule.2026.102591

4 Joule 11, 102591, January 20, 2027 

Article
ll



isolated chloride ions. Consistent with this interpretation, excess 

PbI2 led to negligible improvement, indicating that Pb2+ alone 

is insufficient and that the observed effects are specifically 

associated with Pb–Cl chemistry (Figure S16). Overall, these 

results can be attributed to the much higher volatility of MACl- 

derived chloride and the stronger retention of Pb-derived 

chloride during thermal processing. This origin-dependent 

behavior is attributed to the much higher volatility of MACl- 

derived chloride and the stronger retention of Pb-derived 

chloride during annealing. Such a difference can be rationalized 

by the distinct cation properties: MA+ carries a +1 charge with a 

relatively large ionic radius (2.06 Å), whereas Pb2+ has a +2 

charge and a smaller ionic radius (1.19 Å), resulting in stronger 

electrostatic attraction between Pb2+ and Cl⁻.36 Consistently, 

UV-vis absorption spectra revealed nearly identical band gaps 

for the control (1.562 eV) and reference (1.558 eV) samples, 

whereas the target film exhibited a widened band gap of 1.573 

eV (Figure S17), suggesting partial lattice incorporation of Pb– 

Cl-containing PbX6 octahedra.

X-Ray photoelectron spectroscopy (XPS) further corroborated 

this interpretation. High-resolution Pb 4f spectra acquired from 

both the top surface and buried interface exhibited systematic 

shifts toward higher binding energies in the target sample 

compared with the control and reference samples (Figures 2C 

and 2D), reflecting reduced local electron density around Pb2+ 

due to Pb–Cl coordination.37 Notably, this shift was more pro

nounced at the buried interface, consistent with localized 

chloride action inferred from TOF-SIMS. Complementary shifts 

in the I 3d core-level spectra (Figure S18) further indicate 

increased Lewis acidity of Pb induced by Pb–Cl bonding. Cl 

K-edge X-ray absorption near-edge structure (XANES) analysis 

shows that the target film exhibits a distinct shift of the Cl 

K-edge (∼2,823 eV) toward lower energy compared with the 

control and reference (Figure S19A). In Cl K-edge XANES, 

such a red shift indicates an increase in electron density around 

the chloride ions or a modification in orbital hybridization due to 

stronger coordination with the metal center (Pb2+). In addition, 

the fluorescence intensity profile exhibits a higher signal for the 

target sample, suggesting a greater amount of residual chloride 

after film formation (Figure S19B), providing spectroscopic 

evidence for differences in chloride retention and bonding 

depending on its origin.38 Morphological analysis confirmed 

the complete elimination of pinholes and voids throughout 

the film thickness and at the buried interface in the target films 

(Figures 2E and S20). Surface morphology remains largely 

unchanged with PbCl2, with small particulates appearing only 

at 5 mol %, while 2 mol % is insufficient to affect the surface, 

indicating that PbCl2 mainly influences the buried interface 

(Figure S21). Consistently, on [2-(9H-carbazol-9-yl)ethyl]phos

phonic acid (2PACz), the PbCl2-based target improves Voc and 

fill factor (FF) by suppressing buried interfacial defects, as evi

denced by the enhanced J-V characteristics (Figure S22A) and 

the formation of a uniform, void-free interface (Figure S22B). Effi

cient charge extraction requires not only defect-free interfaces 

but also favorable energetic alignment between the perovskite 

absorber and the charge transport layers.3,13,14 Ultraviolet 

photoelectron spectroscopy (UPS) revealed that the target film 

exhibits a shallower valence band maximum (− 5.879 eV) 

Figure 3. Electronic structure, radiative recombination, energetic disorder, and interfacial charge-recombination characteristics of the 

perovskite films 

(A) UPS spectra of perovskite thin films, (B) energy level scheme of the perovskite films derived from UPS spectra, including the secondary electron cut off and 

valence band region, (C) steady-state photoluminescence (PL) spectra, (D) time-resolved photoluminescence (TRPL) decay curves measured on Me-4PACz 

substrates, (E) Urbach energy extracted from absorption spectra, and (F) light-intensity-dependent open-circuit voltage VOC characteristics.

Please cite this article in press as: Kim et al., Buried-interface crystallization limits the transferability of high-efficiency perovskite precursor composi-

tions, Joule (2026), https://doi.org/10.1016/j.joule.2026.102591

Joule 11, 102591, January 20, 2027 5 

Article
ll



compared with the control (− 5.983 eV) and reference (− 5.941 

eV) films (Figures 3A and 3B), resulting in a reduced energetic 

offset between the perovskite valence band and the highest 

occupied molecular orbital (HOMO) level of Me-4PACz 

(Figure S23).39,40

Steady-state and time-resolved photoluminescence (PL) 

measurements further demonstrated progressive enhancement 

of PL intensity and carrier lifetime from control to reference 

and target samples (Figures 3C and 3D; Table S2), confirming 

effective suppression of non-radiative recombination.41 Urbach 

energy analysis revealed a reduced density of electronic disor

der states in the target films (Figures 3E and S24), indicative 

of enhanced interfacial structural order. The reduction in recom

bination losses was further reflected in the extracted ideality 

factor, with the target device exhibiting a notably lower nid 

(1.168) than the control (2.087) and reference (1.246) devices 

(Figure 3F),42,43 consistent with the observed enhancement 

in FF.

As a direct consequence of resolving buried-interface crystal

lization mismatch, inverted PSCs fabricated from a precursor 

originally optimized for n-i-p architectures achieved architec

ture-convergent high FF. Statistical analysis of 61 devices re

vealed an average FF of 85.65%, with several devices exceeding 

86% (Figure 4A). Additionally, detailed distributions for each 

parameter responsible for PCE are shown in Figure S25. The 

best-performing device delivered an FF of 86.78% (JSC = 25.36 

mA cm⁻2, VOC = 1.19 V, PCE = 26.19%) under air mass 1.5 Global 

(AM 1.5G) illumination (Figure 4B), while the external quantum 

efficiency (EQE) spectrum yielded an integrated current density 

of 24.93 mA cm⁻2 (Figure 4C). Additionally, we identified a device 

that achieved the best PCE of 26.26% in Figure S26. A direct 

comparison of the J-V characteristics for the control, refer

Figure 4. Device statistics and photovoltaic 

characterization of the target cells with 

improved FF 

(A) Statistical distribution of the fill factor (FF) for 

the target devices, (B) current density-voltage 

(J-V) curves of the best-performing target device, 

highlighting the enhanced FF, measured in reverse 

and forward scan modes under AM 1.5G illumi

nation, including UV, with an antireflection film, 

(C) external quantum efficiency (EQE) spectrum of 

the corresponding device, (D) maximum power 

point tracking (MPPT) of the target device 

measured under full AM 1.5G solar illumination 

(100 mW cm⁻2) under ambient conditions without 

a UV filter (Xe lamp).

ence, and target devices is provided 

in Figure S27. Encapsulated devices 

exhibited excellent operational stability, 

retaining approximately 80% of their 

initial efficiency after 810 h of maximum 

power point tracking and 97.4% after 

∼10,000 h under ambient storage con

ditions (Figures 4D and S28). After 

prolonged thermal aging, the target 

maintains a uniform, defect-free buried 

interface, while the reference exhibits increased interfacial de

fects, highlighting enhanced FF and improved device stability 

enabled by PbCl2 (Figure S29).

Conclusions

In summary, this study demonstrates that the limited transfer

ability of high-efficiency perovskite precursor compositions 

across device architectures stems from a buried-interface 

crystallization mismatch rather than intrinsic limitations of the 

perovskite absorber. An identical FAPbI3-based precursor that 

achieves efficiencies exceeding 26% in SnO2-based n-i-p de

vices performs poorly in SA-HTL-based inverted p-i-n architec

tures due to the fundamentally different surface properties of 

the underlying layers. We identify the underlayer-dependent 

persistence of MACl-derived intermediate phases as the primary 

cause of this mismatch. While MACl enables controlled crystal

lization on hydrophilic SnO2, its delayed decomposition on hy

drophobic SAMs induces buried interfacial defects and severe 

recombination losses. By contrast, chloride-origin engineering 

using low-solubility PbCl2 promotes controlled interfacial nucle

ation through strong Pb–Cl coordination, effectively suppressing 

buried defects and enabling inverted devices with a PCE of 

26.3% and an FF up to 86.8%.

METHODS

Materials

The following materials were used in the experiments: forma

midinium iodide (FAI; 99.99%, Greatcell solar), lead(II) iodide 

(PbI2; 99.99%, TCI), glycine hydrochloride (GlyHCl; 99.0%, TCI), 

lead(II) chloride (PbCl2; 98%, Sigma-Aldrich), CsCl (99.9%, 

Sigma-Aldrich), rubidium chloride (RbCl; 99.0%, Sigma-Aldrich), 
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ethanol (EtOH; 99.5%, Sigma-Aldrich), deionized (DI) water (H2O; 

Alfa Aesar), N,N-dimethylformamide (DMF; 99.8%, Sigma- 

Aldrich), DMSO (99.9%, Sigma-Aldrich), 2-propanol (IPA) 

(99.5%, Sigma-Aldrich), 2-methoxyethanol (2-ME; 99.8%, 

Sigma-Aldrich), chlorobenzene (99.8%, Sigma-Aldrich), acetoni

trile (ACN; 99.8%, Sigma-Aldrich), ethyl ether (99.0%, 

SAMCHUN), nickel(II) nitrate hexahydrate (97%, Sigma-Aldrich), 

sodium hydroxide (NaOH, DUKSAN), Me-4PACz (99%, TCI), 

methylammonium bromide (MABr; 99.99%, Greatcell Solar), lea

d(II) bromide (PbBr2; 99.998%, Alfa Aesar), cesium iodide (CsI, 

99.999%, Sigma-Aldrich), propane-1,3-diammonium iodide 

(PDAI2; Greatcell Solar), 3-(methylthio)propylamine (3MTPA, 

97%, Sigma-Aldrich), C60 (99.9%, MS solution), bathocuproine 

(BCP; purified by sublimation, TCI), propylamine hydrochloride 

(PACl; Sigma-Aldrich), acetylcholine chloride (ACCl; 99%, 

Sigma-Aldrich), cyclohexylammonium bromide ((CHA)Br; Great

cell Solar), 4-methoxy-phenethylammonium iodide (MeO-PEAI; 

99%, Greatcell Solar), tin(II) chloride dihydrate (SnCl2 ⋅ 2H2O; 

98%, Acros), urea (Alfa Aesar), potassium chloride (KCl; 

99.999%, Sigma-Aldrich), hydrochloric acid (HCl; 37 wt % in 

H2O, Sigma-Aldrich), thioglycolic acid (C2H4O2S; 99%, Sigma- 

Aldrich), 2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’- 

spirobifluorene (spiro-OMeTAD) (Lumtec.), 4-tert-butylpyridine 

(t-BP; Sigma-Aldrich), bis(trifluoromethane)sulfonimide lithium 

salt (Li-TFSI; 99.95%, Sigma-Aldrich), and FK209 Co(III) TFSI 

salt (Lumtec.). All the materials were used as received without 

any purification.

Synthesis of materials

Formamidinium lead triiodide (FAPbI3) black powder was syn

thesized by mixing FAI with PbI2 (1:1 molar ratio) in 11 mL of 

2-ME in a 70 mL vial by stirring for 20 min at RT. The mixed 

solution was heated to 120◦C in an oil bath and precipitated 

using the retrograde method for 1 h. The filtered FAPbI3 powder 

was then baked at 150◦C for 30 min.

For the synthesis of nickel oxide nanoparticles, a 0.5 M solu

tion of nickel(II) nitrate hexahydrate (Ni(NO3)2 ⋅ 6H2O) was pre

pared by dissolution in DI water. NaOH was then incrementally 

added to the solution until a pH of 10 was achieved, under 

continuous stirring to facilitate the precipitation of Ni(OH)2. 

Following precipitation, the Ni(OH)2 precipitate was collected 

by centrifugation and washed twice, first with DI water and 

then with acetone. Subsequently, acetone was added to create 

a colloidal solution, which is then dried in a vacuum chamber at 

80◦C for 2 h. Finally, the dried product was heated in a furnace at 

270◦C for 2.5 h.

3-(Methylthio)propylamine hydroiodide (3MTPAI) was ob

tained by the reaction of hydroiodic acid and 3MTPA with a molar 

ratio of 1:1. Hydroiodic acid was slowly added to the amines un

der stirring in the ice water bath. The solution was stirred in ice 

water for 2 h and then rotary evaporated at 50◦C until a white 

solid was obtained, which was washed several times with diethyl 

ether. Finally, the product was dried in a vacuum-drying oven to 

obtain the corresponding ammonium halide salts.

Conventional structure device fabrication

FTO glass (Asahi VU glass, 12–13 Ω ⋅ cm− 2) substrates were 

sequentially sonicated in acetone, detergent, DI water, and 

EtOH for 20 min each. The FTO glasses were dipped in a solution 

prepared by mixing SnCl2・2H2O (108 mg), urea (500 mg), 

C2H4O2S (10 μL), and HCl (500 μL) in 40 mL of DI water. The 

FTO and solution were loaded onto a Hellendahl staining dish 

in a water chamber at 70◦C for 6 h. After the CBD deposition, 

the SnO2-deposited FTO substrate was cleaned via sonication 

with EtOH for 1 min. Then, the FTO/SnO2 substrate was 

annealed at 150◦C for 1 h, followed by spin-coating with KCl 

solution (40 mM) in DI water and annealing at 150◦C for 

15 min. The perovskite precursor solutions were prepared by 

dissolving 1.42 M FAPbI3 powder with ACCl (0.75 mol %) and 

MACl (30 mol %) in a mixed solvent of DMF:DMSO = 8:1. The 

perovskite solutions were then spin-coated onto the substrate 

at 1,000 rpm for 10 s and 5,000 rpm for 15 s. 1 mL of ethyl ether 

was dripped onto the substrate during spinning. All perovskite 

layers were heat-treated at 120◦C for 1 h. After cooling, passiv

ation solutions were prepared by mixing 8 mM CHABr and 

16 mM MeO-PEAI in IPA. The solutions were spin-coated on 

the perovskite-coated substrate at 5,000 rpm for 30 s and an

nealed at 100◦C for 5 min. The spiro-OMeTAD solution, prepared 

by mixing 90 mg mL− 1 of spiro-OMeTAD in chlorobenzene with 

37 μL of t-BP, 23 μL of Li-TFSI salt (516 mg mL− 1 in ACN), and 

9 μL of Co-TFSI salt (375 mg mL− 1 in ACN), was spin-coated 

at 3,500 rpm for 30 s. Finally, a 70-nm-thick gold counter elec

trode was deposited by thermal evaporation.

Inverted structure device fabrication

The washed FTO was treated with oxygen plasma for 20 min. 

The NiOx layer was prepared by spin-coating a synthesized 

NiOx solution (2 mg/mL) at 4,000 rpm for 30 s on the FTO glass. 

And then, the substrates were annealed at 120◦C for 10 min. 

After spin-coating a Me-4PACz solution (1 mg/mL) in EtOH 

at 3,000 rpm for 30 s, the substrate was annealed at 120◦C 

for 5 min. For the perovskite layer deposition, a 1.5 M 

(Cs0.05FA0.95PbI3)0.97(MAPbBr3)0.03 precursor solution contain

ing 0.5 mol % GlyHCl, x mol % MACl, and y mol % PbCl2 (x = 

10 or 30; y = 0 or 2) was prepared by dissolving the correspond

ing precursors in a mixed solvent of DMF:DMSO = 9:1 (v/v). The 

precursor solution was transferred into a nitrogen-filled glovebox 

and spin-coated to deposit the perovskite layer. Spin-coating 

was performed at 1,000 rpm for 10 s, followed by 6,000 rpm 

for 20 s. During the second step, 500 μL of ethyl ether was drip

ped onto the substrate 10 s after the onset of spinning at 

6,000 rpm. The perovskite films were then annealed at 110◦C 

for 35 min. Solutions of 3-MTPAI (2 mg mL⁻¹) and PDAI₂ (1 mg 

mL⁻¹) were prepared in a mixed solvent of isopropanol and chlo

robenzene (1:1, v/v). The 3-MTPAI solution was first dynamically 

deposited by spin-coating at 4,500 rpm for 23 s and annealed at 

100◦C for 5 min, then the same process was repeated for the 

PDAI₂ solution under identical conditions. The as-prepared films 

were transferred to a thermal evaporation chamber (<10− 7 torr) 

for a 25 nm thick C60 and 8 nm of BCP deposition. Finally, a 

140 nm Ag electrode was deposited on the complete device.

Characterization

The crystal structure was analyzed by using XRD (D/MAX2500V/ 

PC, Rigaku). Steady-state PL and time-resolved PL (TRPL) 

spectra were measured using a commercial time-correlated 
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single-photon counting (TCSPC) setup (FluoTime 300, 

PicoQuant) equipped with a PMA-C-192-M detector and high- 

resolution excitation monochromators. The J-V characteristics 

of the devices were measured using a Keithley 2420 source me

ter under illumination by a solar simulator (Newport, Oriel Sol3A 

class AAA) with an AM 1.5G filter and 100 mW cm− 2 irradiation 

intensity. The active area was determined by placing a metal 

mask in front of the solar cell to avoid the overestimation of the 

photocurrent density. A spectral mismatch factor of 1.05 was 

used for all J-V measurements. For the measurement of high- 

efficiency devices, an antireflective film (NANOECOWAY) was 

applied to the surface. EQE was measured using an internal 

quantum efficiency system (Oriel, IQE 200B) under irradiation 

by a 100 W xenon (Xe) lamp. The film morphology and thickness 

were measured using SEM (SU-7000, and SU-8220) operated at 

10 kV. Absorbance measurements were performed using an 

integrating sphere and UV-vis/near-infrared (NIR) spectros

copy (V-780, Jasco). UPS and XPS were conducted using an 

ESCALAB 250XI instrument (Thermo Fisher Scientific) with a 

He I (irradiation energy: 21.2 eV) source in a 1 × 10− 11 torr vac

uum. The electron emitted from the surface can be charged 

using a flood gun to compensate for the charge on the semi

conductor sample. TOF-SIMS profiling measured the depth dis

tributions of Cl− ions in the perovskite/Me-4PACz/NiOx on the 

FTO substrate. The samples were analyzed using a TOF-SIMS 

V instrument (IONTOF) with a Bi+ primary beam (25 keV and 

1 pA) and Cs+ sputter beam (0.5 keV and 35 nA). The sputter 

size was 300 × 300 μm, the analysis areas were 100 × 100 μm 

(for depth profiling) and 500 × 500 μm (for surface analysis), 

and the ion area dose was PIDD 6.24e+13. The hydrophobicity 

of the perovskite films was measured using contact-angle 

equipment (DSA100, KRUSS).

GI-WAXD measurements

GI-WAXD measurements were performed at the PLS-II 6D 

UNIST-PAL beamline at the Pohang Accelerator Laboratory 

(PAL), Korea. The X-rays from the bending magnet were mono

chromatized to 18.986 keV (λ = 0.6530 Å) using a double-crystal 

monochromator focused horizontally and vertically (90 [V] × 120 

[H] μm2 full width at half maximum) at the sample position using a 

sagittal Si(111) crystal and toroidal mirror, respectively. The GI- 

WAXD sample chamber was equipped with a five-axis motorized 

stage for fine sample alignment. The 2D GI-WAXD pattern was 

recorded using a 2D charge-coupled device detector (MX225- 

HS, Rayonix, USA). The diffraction angles were calibrated using 

NIST SRM660b (LaB6) with a sample-to-detector distance of 

240.7958 mm. An incidence angle of 0.80◦ was used for the in 

situ GI-WAXD experiments to obtain crystallographic informa

tion about the overall thickness of the perovskite films and 

ensure that all incoming X-rays were irradiated onto the small- 

length perovskite film sample rather than only passing or being 

blocked by the substrate or sample stage. The in situ GI- 

WAXD pattern was obtained every 5 s for the initial 3 min and 

every 1 min between 3 and 20 min, with an X-ray exposure 

time of 3.5 s. The FAPbI3 film temperature was raised from RT 

to 100◦C in 2 min and maintained at 100◦C for 20 min using a 

fine-tuned temperature controller (Eurotherm 3504 Temperature 

Controller, Eurotherm, USA).

XANES measurements

Cl K-edge XANES measurements were performed at the 1C 

(Tender X-ray absorption fine structure [XAFS]) beamline of the 

PAL, Korea. The X-ray beam was monochromatized to the Cl 

K-edge (2,822 eV), and spectra were collected in fluorescence 

mode. The relative chloride content was semi-quantitatively 

compared using fluorescence signal intensities, assuming uni

form film thickness and morphology across the samples.

PL spectra and TRPL analysis

The film was illuminated from the front side using 520 nm excita

tion. The carrier lifetime values were determined using the 

bi-exponential equation: Y = A1exp(− t/τ1) + A2exp(− t/τ2), where 

τ1 and τ2 represent the fast and slow decay times associated 

with the trap-assisted non-radiative and radiative recombination 

processes, respectively. The discrepancies between the PL 

and carrier lifetimes in the measurement can be attributed to 

variations in charge transfer to the interlayer rather than to 

recombination of charges generated in the perovskite.

Device stability test

The stability test at the continuous maximum power point 

tracking device operation under 1 sun illumination at AM 1.5G 

(Xe lamp, 450 W) for the encapsulated devices was performed 

under an inert atmosphere (N2) by fixing the voltage at VMPP 

and then tracking the current output.

Ideality factor calculation

nid =
q

kBT

d (Voc)

d (ln(I))
; (Equation 1) 

where nid is the ideality factor, kB is the Boltzmann constant, T is 

the temperature of the system, q is the charge constant, and I is 

the normalized light intensity.

UV-vis spectroscopy analysis (Urbach energy)

The UV-vis absorption spectra and Eu of the films were calcu

lated using the equation α = α0exp(hν/Eu), where α is the absorp

tion coefficient, and hν is the photon energy.
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