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SUMMARY
Balance between coverage and performance in the electron transport layer (ETL) is crucial for maximizing the
efficiency, scalability, and stability of large-area perovskite solar cells (PSCs). Here, a solution-based tar-
geted chelating strategy is designed to construct a self-assembled conformal SnO2 ETL on a textured trans-
parent conductive oxide surface with submicron roughness. By fine-tuning the molecular architecture, the
targeted chelatingmolecule with two-electron-donating group and conjugated structure, capable of electron
redistribution, can bridge the targeted VO of SnO2 nanoparticles and FO of transparent conductive oxide,
respectively, which balances the interface charge dynamics. The use of a self-assembled conformal SnO2

ETL modified with targeted chelating molecules enabled PSCs with efficiencies of 25.32% and 24.57% on
aperture areas of 0.09 and 1.00 cm2, respectively, and 1,600-h operational stability based on the ISOS-L-3
protocol (maximum power point, continuous 1 sun illumination, 65�C, and ca. 50% relative humidity).
INTRODUCTION

Perovskite solar cells (PSCs) have attracted widespread atten-

tion due to their rapid increase in power-conversion efficiency

(PCE).1–4 This is mainly attributed to the development and opti-

mization of electron transport layers (ETLs), particularly SnO2

ETLs.3,5–7 However, the state-of-the-art PCEs are mostly

achieved in devices with small aperture areas (<0.1 cm2).8 To

realize the commercialization of PSCs, efforts to enhance the

uniformity of perovskite,9–11 passivation layers,12 and hole trans-

port layers (HTLs)13,14 have been made to improve the PCE of

large-area devices. However, the major challenge hindering the

commercial viability of PSCs lies in achieving large-scale and

uniform deposition of the ETL.

Various methods such as slot-die coating,15 blade coating,16

spray coating,17 chemical bath deposition (CBD),18 and atomic

layer deposition19 have been proposed to prepare uniform

SnO2 ETLs. Among these, CBD stands out as a cost-effective

and low-temperature fabrication method. Researchers have

demonstrated ideal coverage, thickness, and composition of

SnO2 layers by controlling the decomposition pathway of

SnCl2 during the CBD process and have achieved a champion

PCE of over 25% (aperture area, 0.09 cm2).3 However, the
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CBD method is accompanied by strict control required during

the process, and the PCE of devices prepared using the CBD

method still decreases rapidly with increasing device area.20,21

Compared to the precise control required for CBD, the solu-

tion-based method for preparing an ETL is more easily control-

lable on a large scale and is compatible with existing industrial

processes such as blade coating and slot-die coating. However,

it is very challenging to fabricate a large-area and thin ETL with a

conformal coverage of SnO2 nanoparticles on textured trans-

parent conductive oxide (TCO) substrates.22–25 This is primarily

due to the need for substrates with improved lateral transport

properties but larger roughness for large-area devices,26

although researchers utilized the interaction between the poly-

mer polyacrylic acid and metal oxides to achieve conformal

coverage of SnO2 nanoparticles on a compact TiO2 layer, and

a corresponding small-area device (aperture area, 0.08 cm2)

achieved a PCE of 25.7% with a high fill factor (FF) of

83.84%.27 The FF and PCE decreased to 79.05% and 23.25%,

respectively, when the aperture area increased to 1 cm2. This

decrease in performance is mainly attributed to the high-resis-

tance polymer, which is unable to accurately selectively connect

SnO2 and the metal oxides on the substrate, respectively, result-

ing in a large amount of polymer that only binds with SnO2 and
pril 16, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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remains inside the ETL layer. This residual polymer is challenging

to remove during the annealing process andmay introduce addi-

tional defects and adversely affect the conductivity of the SnO2

layer, thereby increasing the series resistance of the device.28,29

Therefore, an accurate strategy to achieve targeted chelation

between ETL and substrate and realize a self-assembled

conformal ETL is necessary for addressing the trade-off between

coverage and performance in ETLs for large-area devices.

Here, we propose a targeted chelating strategy to realize a

self-assembled conformal SnO2 ETL. By fine-tuning the molec-

ular architecture, the targeted chelating molecules (TCMs)

featuring a two-electron-donating group and conjugated struc-

ture, capable of electron redistribution, can bridge the targeted

oxygen vacancies (VO) of SnO2 nanoparticles and F atoms

substituting O atoms (FO) of TCO, respectively, thus facilitating

the conformal deposition of SnO2 on the textured TCO surface

and passivating the surface defect of SnO2. Additionally, the

terminal groups of TCMs are coordinated with unsaturated

Pb2+ ions during the perovskite crystallization, which enhances

perovskite crystallinity and interface contact between the ETL

and perovskite. Consequently, the TCMs achieve an effective

electron transmission path in perovskite/ETL/TCO without

introducing additional series resistance by targeted chelating.

The resulting devices achieved the champion PCE of 25.32%

under reverse scan with an aperture area of 0.09 cm2. With

the aperture area expanded to 1.00 cm2, a champion PCE of

24.57% was obtained. Moreover, the encapsulated devices

maintained 90% of their initial efficiency after enduring

1,600 h of testing following the ISOS-L-3 protocol (for test de-

tails, see methods).

RESULTS AND DISCUSSION

First-principles simulations of the targeted chelating
strategy
Figure 1A illustrates the self-assembly process of conformal

SnO2 using a targeted chelating strategy. The goal is for one ter-

minal group of the TCMs to selectively adsorb onto the surface of

SnO2 nanoparticles in the dispersed solution, while another ter-

minal group anchors onto the TCO substrate during the solution

preparation of the ETL, resulting in a self-assembled conformal

SnO2 ETL with excellent roughness tolerance. Previous research

has revealed that the electron-cloud distribution of the mole-

cules plays a crucial role in chelating strength and morphology.

Using electron-donating groups, it is possible to bind to posi-

tively charged defect sites.30 Moreover, through control of

the conjugated structure within the molecule, the resonance-

induced redistribution effect of the electron cloud can be

enhanced, which would facilitate targeted chelating at different

defect sites.31–33 We systematically investigated the impact of

different electron-donating terminal groups (such as the formate

group and phosphate group) and conjugated chain lengths by

selecting 4,40-biphenyldiphosphonic acid (MBBM), 4,40-biphe-
nylenebisphosphonic acid (PBBP), and 1,4-phenyldiphosphonic

acid (PBP) as three TCMs to achieve an optimum conformal

SnO2 ETL without introducing unexpected series resistance

and shunt paths, which would increase the charge non-radiative

recombination at the interfaces or within the ETL. Fluorine-
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doped tin oxide (FTO), with high surface roughness, has been

employed as a representative TCO for further investigation.

The first-principles calculations were utilized to analyze the

chelating strength and morphology of different TCMs. Figure 1B

shows the different doping mechanisms of SnO2 and FTO. SnO2

is mainly based on self-doping through oxygen vacancies (VO,

carrying two positive charges) to achieve an n-type semicon-

ductor, while FTO is mainly based on artificially introduced F

atoms substituting O atoms (FO, carrying a single positive

charge) to achieve electron conductivity.34,35 Therefore, the

positively charged VO and FO will respectively become important

chelating points for TCMs with SnO2 and FTO. In Figure 1C, we

calculated the adsorption energies of the three TCMswith the VO

defect sites on SnO2 (denoted as SnO2-TCMs) to evaluate the

chelation of TCMs and nanoparticles in the SnO2 dispersion. In

detail, MBBM, PBBP, and PBP show adsorption energies of

�3.44, �6.52, and �6.09 eV, respectively, indicating that all

three TCMs tend to bind with VO, and the chelating ability of

the phosphate group is stronger than that of the formate group

due to its higher electron-cloud density. Moreover, the chelation

of PBBP to VO is stronger than that of PBP, mainly due to the

higher electron-cloud redistribution ability of the linked benzene

conjugation, resulting in the phosphate group bound to VO hav-

ing a higher electron-cloud density (Figure S1). The optimized

SnO2-TCM structures (Figures 1D and S2) further demonstrate

that MBBM and VO exhibit a double-bonded chelating structure,

while PBBP and PBP exhibit a triple-bonded chelating structure,

which indicates stronger chelating strength induced by the

phosphate group and electron-cloud redistribution.

It is worth noting that there is still a remaining terminal group in

the SnO2-TCM structure, and its capability of strong chelation to

the surface of SnO2 nanoparticles in the dispersion could lead

to the aggregation of nanoparticles and forbid the next chelation

to FTO. Therefore, we optimized model structures of different

SnO2-TCMs chelating to another VO defect site (Figure S3) and

calculated the adsorption energies of the above chelating pro-

cess (Figure 1E). The terminal-group adsorption energies of

SnO2-MBBM and SnO2-PBP showed a slight decrease by 0.04

and 0.11 eV, respectively, indicating that the terminal groups of

these two structures still possess considerable chelating capa-

bility. In contrast, the terminal-group adsorption energy of

SnO2-PBBP decreased by 6.2 eV. Compared to the phosphate

group in PBBP, the chelating capability of the remaining group

in SnO2-PBBP significantly decreased, which resulted from the

stronger electron-cloud redistribution ability of the phenyl-conju-

gated structure. This phenomenon led to a weakened electron-

donating ability of the remaining phosphate group. Compared

to MBBM and PBP, PBBP with the above characteristic is ex-

pected to form a highly dispersed SnO2 dispersion and provide

a reserved terminal group for subsequent chelation to FTO.

Notably, there is a competitive relationship between TCMs and

SnO2-TCMs chelating to VO, and the possibility for the occur-

rence of the two reactions can be evaluated based on the Arrhe-

nius equation (details of which are given in Note S2).36,37 As

shown in Figure S4, the above possibilities in the MBBM

(51.0%:49.0%) and PBP (52.2%:47.8%) systems are similar,

indicating that the above two TCMs are intended to bridge to

two SnO2 nanoparticles in the dispersion. In contrast, the



Figure 1. TCMs induce the formation of self-assembled conformal SnO2 indicated by first-principles simulations
(A) Schematic depiction of the TCM-induced self-assembled conformal SnO2 on a TCO-glass substrate and the molecular structure of the TCMs with different

electron-donating groups and conjugated chains. The red ellipse and red paths represent the charge non-radiative recombination.

(B) Mechanisms for self-doping of SnO2 by VO and ex-doping of FTO by FO.

(C) Simulated adsorption energy of TCMs with SnO2 nanoparticle.

(D) Optimized chelating structure between the phosphate group of PBBP and VO of SnO2 nanoparticles.

(E and F) Simulated adsorption energy of SnO2-TCMs with (E) SnO2 nanoparticles and (F) FTO.

(G) Optimized chelating structure between the phosphate group of SnO2-PBBP and FO of FTO substrate. Inset marks the critical elements and corresponding

bond lengths.
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possibility of chelating one particle (99.8%) is nearly 500 times

higher than that of chelating to two particles (0.2%) in the

PBBP system, indicating the tendency for the formation of

SnO2-PBBP structure and reduction of nanoparticle aggregation

in SnO2 dispersion.
As the step of SnO2-dispersion deposition on the FTO sub-

strate to form the ETL, the structures and adsorption energies

of SnO2-TCMs chelated to the FO defect sites on the FTO surface

were considered. As shown in Figure 1F, SnO2-PBBP exhibits

the strongest chelating ability to the FO defect site (adsorption
Cell Reports Physical Science 6, 102506, April 16, 2025 3



Figure 2. TCMs induce the quasi-monomer distribution and conformal coverage of SnO2

(A) ATR-IR spectra of SnO2 ETL modified with or without TCMs atop BaF2 substrates.

(B and C) XPS of Sn 3d core level of (B) SnO2 ETL modified with or without TCMs atop glass and (C) FTO covered with or without TCMs. Right-hand panels are

zoomed-in Sn 3d5/2 peaks. Shaded area, dashed line, and solid line represent the Sn4+ peak, Sn2+ peak, and total peak of the Sn 3d5/2 core level, respectively. The

inset value shows the proportion of the peak area occupied by the Sn4+ peak.

(D) DLS spectra of SnO2 dispersion modified with or without TCMs. Right-hand panel summarizes the area ratio of oligomer andmonomer, abbreviated as Oligo.

and Mono., respectively.

(E) AFM images of SnO2 ETL modified with or without TCMs atop Si wafer. Scale bars, 1 mm.

(F) Cross-sectional TEM images of SnO2 ETL with or without TCMs atop FTO. The scale bars represent 50 nm, and the bottom panels schematically illustrate

different SnO2 nanoparticles with varying conformality on FTO.

(G) Effects of TCM-SnO2 on peak-to-valley value of different TCO substrates. Note that TCO-3 is the FTO substrate used in this work.
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energy�7.06 eV), mainly attributed to the reduced repulsion be-

tween F atoms and the reserved phosphate group of PBBP,

which exhibits a lower electron-cloud density compared to that

of the PBP counterpart.38 Moreover, the average bond length

of the SnO2-PBBP-FTO structure (3.26 Å) is shorter than

that of SnO2-PBP-FTO structures (3.35 Å), which originates

from the electron-cloud redistribution, as shown in Figures 1G,

S1, and S5. As shown in Figure S6, the possibilities of occur-

rence of three types of SnO2-TCM chelated with SnO2 and

FTO were further compared, which indicated that the chelating

process of SnO2-PBBP shows the highest selectivity

(0.1%:99.9%). PBBP that tends to target chelate to SnO2 and

FTO without aggregating inside the SnO2 layer is intended to

form a self-assembled SnO2 ETL with enhanced conformality,

which would prevent the shunt paths, reduce the series resis-

tance, and modify the interface charge dynamics.39

Distribution and conformality of SnO2

Before analyzing the effect of TCMs on distribution of SnO2

dispersion and the conformation of the corresponding ETL, the

pH values of the TCM aqueous solutions were adjusted to be

consistent with the alkaline dispersing SnO2. After the modifica-

tion, the uniform, clear, and stable TCM-SnO2 dispersions

are formed, referred to as MBBM-SnO2, PBBP-SnO2, and
4 Cell Reports Physical Science 6, 102506, April 16, 2025
PBP-SnO2 dispersions, respectively (Figure S7 and Table S1;

for details see Notes S4 and S5).

The interaction between TCMs and SnO2 was characterized

by using attenuated total reflectance infrared (ATR-IR) spectros-

copy. As shown in Figure 2A, compared to the SnO2 sample, the

O–O vibration peaks of MBBM-SnO2, PBBP-SnO2 and PBP-

SnO2 all shifted toward lower wavenumbers by 2.9, 17.4, and

5.6 cm�1, respectively. Additionally, both PBBP-SnO2 and

PBP-SnO2 showed significant P–O vibration peaks. Both results

indicate the strongest interaction between PBBP and SnO2, fol-

lowed by PBP and MBBM. Furthermore, we further analyzed the

uniformity of O–O and P–O vibrations using Fourier transform

infrared (FTIR) mapping, as shown in Figure S8. It is evident

that the evolution of uniformity of vibration peaks is consistent

with the strength of interactions obtained in Figure 2A, where

PBBP-SnO2 shows the highest uniformity in the distribution of

O–O and P–O vibration peaks. Compared to SnO2, the uniformity

of MBBM-SnO2 and PBP-SnO2 has been improved, but there

still remains obvious aggregation. As shown in Figure 1C, the

doping mechanism of SnO2 and FTO will result in a decrease

in the apparent oxidation state of Sn element and introduce

defect states related to O (VO and FO), thereby causing a

decrease in the apparent reduction state of O element. There-

fore, X-ray photoelectron spectroscopy (XPS) characterization
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of the Sn 3d and O 1s characteristic peaks was carried out to

confirm that the chelating sites of TCMs on SnO2 and FTO are

VO and FO, respectively. As shown in the left panel of Figure 2B,

the interaction of TCMswith SnO2 causes the Sn 3d peak to shift

toward higher binding energies, with PBBP-SnO2 showing the

largest shift (0.3 eV), which indicates that the interaction of

PBBP with SnO2 can significantly enhance the oxidation state

of Sn. Further analysis of the Sn 3d5/2 peak revealed that it can

be decoupled into Sn4+ (486.6 eV) and Sn2+ (486.1 eV) peaks

(right panel, Figure 2B). The proportion of Sn4+ of PBBP-SnO2

was increased to 25.72%, compared with 4.53% of SnO2 sam-

ple. Similarly, as shown in Figure 2C, the interactions of TCMs

with FTO also enhanced the oxidation state of Sn element.

Compared to SnO2 with Sn4+ proportion of 68.47%, PBBP-

FTO exhibited the highest Sn4+ proportion of 83.60%, followed

by PBP (80.23%) and MBBM (71.10%). As shown in Figure S9,

the O 1s peak can be decoupled into defect oxygen (Odefect,

529.9 eV) and lattice oxygen (Olattice, 531.1 eV) peaks. TCMs

can reduce the proportion of Odefect of SnO2 (VO) and FTO (FO),

and the evolution trend was contrary to that observed for Sn4+

proportion of the Sn 3d peak (Figures 2B and 2C). These results

indicate that the chelating sites of TCMs on SnO2 and FTO are VO

and FO, respectively, with PBBP demonstrating the champion

chelating performance.

Dynamic light scattering (DLS) was applied to characterize the

impact of different TCMs on the distribution mode of SnO2 nano-

particles in SnO2 dispersion. As shown in Figure 2D, the SnO2

dispersion exhibited severe aggregation, with SnO2 oligomers

(peak diameter at 123.6 nm) accounting for 89.1%, while SnO2

monomers merely accounted for 10.9%. After adjustment with

MBBM and PBP in the SnO2 dispersion, the peak diameter of

oligomers gradually decreased to 98.0 and 86.4 nm, with propor-

tions also decreasing to 79.9% and 37.2%, respectively, while

two diameter peaks were still observed. In contrast, the PBBP-

SnO2 dispersion showed only a peak for SnO2 monomers with

a peak diameter of 5.5 nm, indicating the formation of a quasi-

monomer distribution. The schematic distribution of nanopar-

ticles in the four types of SnO2 dispersions is shown in Fig-

ure S10. Further statistical analysis of the nanoparticle size using

transmission electron microscopy (TEM) revealed that the

average grain size (AGS) of SnO2 nanoparticles in all dispersions

was approximately 4 nm, similar to the peak diameter of SnO2

monomer (Figure S11). These results indicate that PBBP only re-

duces the SnO2 aggregation without altering the size of SnO2

nanoparticles, which induces the formation of quasi-monomer

distribution. To observe the impact of SnO2 aggregation on the

roughness of an ETL, the four types of dispersions were spin

coated on smooth silicon wafer (roughness less than 1 nm). As

shown in Figure 2E, PBBP-SnO2 film shows the lowest surface

roughness of 1.83 nm compared to SnO2 (4.91 nm), MBBM-

SnO2 (4.19 nm), and PBP-SnO2 (2.23 nm) measured by atomic

force microscopy (AFM), thus demonstrating the excellent film-

forming properties of the quasi-monomer PBBP-SnO2

dispersion.

As shown in Figure 2F, the cross-sectional TEMmorphologies

of the four types of ETLs on FTO exhibit drastically different con-

formality, as illustrated in the schematic at the bottom of the

figure. The thickness of the SnO2 ETL on FTO varies obviously
between peaks and valleys, which displays a severe aggregation

phenomenon. Compared with the SnO2 ETL, the conformality of

MBBM-SnO2 and PBP-SnO2 have been improved, primarily due

to reduced aggregation in the dispersions. In comparison, the

dispersion of PBBP-SnO2 on FTO facilitates the construction

of a highly conformal and uniform ETL, mainly attributed to

quasi-monomer dispersion induced by PBBP and its excellent

chelating ability to FTO. The corresponding energy-dispersive

spectra (EDS) are shown in Figure S12. These results are consis-

tent with the results of first-principles calculations (Figure 1). The

top-view scanning electron microscopy (SEM) images with

expanded scale also demonstrate the conformal morphology

of PBBP-SnO2 on FTO substrates (Figure S13). Compared to

the SnO2 ETLs, TCM-SnO2 ETLs atop FTO show a slight

improvement in transmittance and conductivity, primarily attrib-

uted to reduced light scattering resulting from improved confor-

mality and reduced electron scattering by defect chelating (Fig-

ure S14). To further demonstrate the conformality of PBBP-SnO2

ETLs, four types of TCO substrate with different peak-to-valley

values were selected and named TCO-1 (35 nm), TCO-2

(100 nm), TCO-3 (FTO, 270 nm), and TCO-4 (290 nm). As shown

in Figure 2G, compared to the SnO2 ETL, both MBBM-SnO2 and

PBP-SnO2 ETLs show improved conformality on four types of

TCO. However, as the peak-to-valley values of TCO increase,

the conformality of these ETLs significantly deteriorates. In

contrast, PBBP-SnO2 ETLs consistently exhibit the most

outstanding conformal capabilities even as the peak-to-valley

values of TCO substrates vary between 35 nm (TCO-1) and

290 nm (TCO-4). This property is intended to eliminate interface

shunt paths and non-radiative recombination between TCO and

perovskite.

Balance of the interface carrier dynamics
In addition toconformality, thecharge transport performanceand

the effect of ETLs on perovskite will greatly affect the interface

carrier dynamics. The interface energy mismatching of conduc-

tion band minimum (CBM) (>0.2 eV) between the ETL and perov-

skite will lead to an open-circuit voltage (VOC) loss.
40 On the other

hand, an excessive energy mismatch (>0.4 eV) between the

CBMs of the ETL and work function (WF) of FTO will result in a

Schottky barrier, thereby deteriorating carrier-collection effi-

ciency.41,42 The characterization of the energy band structure

of perovskite, ETLs, andFTOwasperformedby ultraviolet photo-

electron spectroscopy (UPS) and photoluminescence (PL) spec-

troscopy, including CBMs, WF, and valence band maximum

(VBM), as shown in Figures S15 and S16. The detailed values

are listed in Table S2. A slight widening of the band gap (0.02–

0.2 eV) was observed, which was mainly due to a decrease in

the defect state density at the band edges caused by TCM che-

lation.43,44 Figure 3A illustrates the energy-level alignment of

each layer with the energy mismatch at the perovskite/ETL and

ETL/FTO interfaces. With the increase in chelating strength,

compared to the SnO2 ETL, the CBM of MBBM-SnO2, PBBP-

SnO2, and PBP-SnO2 ETLs all shifted upward by 0.05, 0.22,

and 0.09 eV, respectively. These upshifts lead to a reduction in

VOC loss caused by interface energy mismatching from 0.36 eV

to 0.31, 0.14, and 0.27 eV, respectively, which is confirmed by

the xy-plane potential mapping results (Figure S17). Further
Cell Reports Physical Science 6, 102506, April 16, 2025 5



Figure 3. TCM-SnO2 ETLs balance the interface carrier dynamics

(A) Energy-level alignment of the perovskite (PVK), SnO2 ETLmodified with or without TCMs, and FTO. The bottom panel illustrates the interface energymismatch

between different SnO2 ETLs and perovskite (VOC loss) or FTO.

(B) m values of SnO2 ETL modified with or without TCMs. The raw data are shown in Figure S18.

(C) TRPL curves of perovskite atop different substrates.

(D) XRD patterns of perovskite atop different SnO2 ETLs. The characteristic peak of PbI2 is indicated by a hash mark (#).

(E and F) (E) CLSM images and (F) corresponding statistical grain size distribution of perovskite atop different SnO2 ETLs. Scale bars, 10 mm. The AGSs of

perovskite atop SnO2, MBBM-SnO2, PBBP-SnO2, and PBP-SnO2 are 1.83, 1.32, 2.22, and 1.87 mm, respectively.
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analysis of the energy mismatch at the ETL/FTO interface re-

vealed that the level mismatch of the four ETLs at this interface

is less than 0.4 eV, allowing for effective ohmic contact and

charge collection. The electron mobility (m) of the four ETLs was

characterized using the space-charge-limited current (SCLC)

method, as shown in Note S6 and Figure S18 and summarized

in Figure 3B. Compared to the SnO2 ETL (264.7 cm2 V�1 s�1),

the m of MBBM-SnO2, PBBP-SnO2, and PBP-SnO2 ETLs

increased to 291.6, 349.2, and 313.3 cm2 V�1 s�1, respectively.

The improvement was mainly attributed to the passivation of

TCMs on surface defects of SnO2 nanoparticles, which reduced

electron scattering by surface defects and thereby enhanced the

m of ETLs. The electron transport of different ETLs from perov-

skite to FTO was characterized using time-resolved PL (TRPL)

spectroscopy, as shown in Figure 3C. The average lifetimes

(tave) of TRPL curves were obtained through biexponential fitting

and are listed in Table S3. The strongest carrier-extraction capa-

bility was found in the PBBP-SnO2 ETL/perovskite sample, with

tave of 202.02 ns, significantly lower than that of 475.61 ns for

the SnO2/perovskite counterpart.

The influence of different ETLs on the crystallinity and

morphology of perovskite was characterized by the combination
6 Cell Reports Physical Science 6, 102506, April 16, 2025
of X-ray diffraction (XRD) technique, PL spectroscopy, confocal

laser scanning microscopy (CLSM), and XPS. As shown in Fig-

ure 3D, compared to the SnO2 ETL, the crystallinity of perovskite

on the PBBP-SnO2 ETL has been improved, while that of the

MBBM-SnO2 ETL counterpart has been decreased. As shown

in Figure S19, the PL peak of the perovskite induced by the

PBBP-SnO2 ETL (817 nm) has blue-shifted by 3 nm compared

to the SnO2 ETL (820 nm), indicating a decrease in defect density

in the perovskite. However, the perovskite of the MBBM-SnO2

sample has shown an opposite shift by 1 nm, indicating a

reduced perovskite crystallinity, which is consistent with the

XRD results (Figure 3D). This was mainly due to the weaker

chelating capability of MBBM with SnO2, which resulted in

MBBM precipitation during ETL deposition and led to a non-uni-

form crystallization of perovskite (Figure S20).We further charac-

terized the PL uniformity and grain-size distribution of perovskite

on different ETLs by the CLSM method. As shown in Figure 3E,

the perovskite on the PBBP-SnO2 ETL exhibits a more uniform

PL intensity compared to the other three counterparts. The

AGS of the perovskite on the PBBP-SnO2 ETL is 2.22 mm, obvi-

ously larger than that of SnO2 (1.83 mm), MBBM-SnO2 (1.32 mm),

and PBP-SnO2 (1.87 mm), as shown in Figure 3F. This mainly
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originated from the high homogeneity, reduced defect density,

and effective chelating with unsaturated Pb2+ of the PBBP-

SnO2 ETL, represented as Pb0/(Pb0+ Pb2+), which promoted

the uniform nucleation and growth of perovskite (Figures S21

and S22).45

Combined with the induction effect on perovskite growth, the

PBBP-SnO2 ETL can simultaneously achieve effective electron

extraction from perovskite and electron transport to FTO,

thereby achieving a balance in the interface carrier dynamics.

Device performance
We fabricated PSCs with the architecture of anti-reflection layer/

glass/FTO/ETL/perovskite/CsI/n-octylammonium iodide (OAI)/

2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-spirobi-
fluorene (spiro-OMeTAD)/Au. The SEM image of the PSCs

equipped with a PBBP-SnO2 ETL is shown in Figure 4A. Among

the three types of TCM-ETLs, the PSCs with PBBP-SnO2 ETL

shows the largest quasi-Fermi-level splitting (QFLS) of 1.171

eV, obviously superior to the results of PSCs with MBBM-SnO2

(1.141 eV) and PBP-SnO2 (1.145 eV), as shown in Figure 4B

(for details see Note S8). Therefore, the PSC with PBBP-SnO2

ETL was selected (denoted as TCM device) to compare it with

the SnO2-ETL counterpart (denoted as control device). The cur-

rent density-voltage (J-V) curves of the champion devices with

an aperture area of 0.09 cm2 are shown in Figure 4C, and

detailed parameters are listed in Table S4. The TCM device ob-

tained a PCE of 25.32% under reverse scan with a VOC of 1.16 V,

short-circuit current (JSC) of 25.94 mA cm�2, and FF of 84.13%.

The control device also yielded a high PCE of 23.59%with a VOC

of 1.13 V, JSC of 25.71 mA cm�2, and FF of 81.21%. The JSC of

the TCM device matches well with the integrated J of

25.34 mA cm�2 that is calculated from the incident photon-to-

current efficiency (IPCE) spectrum, with a mismatch of less

than 3%, as shown in Figure 4D.

We further fabricated the devices with an aperture area of

1.00 cm2. The J-V curves and corresponding detailed perfor-

mance parameters are shown in Figure S23 and Table S4,

respectively As shown in Figure 4E, the control device shows

an obvious efficiency loss from 23.59% (0.09 cm2) to 21.60%

(1.00 cm2), while that loss is minimized for the TCM device,

mostly owing to the retention of the high FF of 83.25%. The

1-cm2 TCM device exhibits a champion PCE of 24.57% under

reverse scan. Notably, the relative efficiency loss (Note S9) for

devices with aperture areas from 0.09 to 1.00 cm2 is reduced

from 8.44% (control device) to 2.96% (TCM device), indicating

the high efficiency and scalability of TCM devices. Furthermore,

the TCM device with aperture area of 10.89 cm2 achieves a PCE

of 21.81% (Figures S24 and S25; Table S5). The efficiency

degradation rate of TCM devices with aperture areas from 0.09

to 10.89 cm2 is only �0.325 cm�2, which is well below that

of representative certified perovskite photovoltaic devices

(�1.498 cm�2) (Figure S26).

The operational stability of TCM devices is also substantially

improved compared with control counterparts (Figure 4F; for

test details, see methods). The detailed parameters of the con-

trol and TCM devices for stability testing are summarized in

Table S6. The PCE of the encapsulated control device dropped

by 10% and 57% after 600 and 1,632 h, respectively, following
the ISOS-L-3 protocol. On the contrary, the TCM device main-

tained 90% of the initial PCEs after 1,632 h, which is mainly

due to the stable interface charge dynamics by the self-assem-

bled conformal PBBP-SnO2 ETL with reduced defect-assisted

charge accumulation and recombination.46,47 The detailed pa-

rameters of the control and TCM device after 1,632 h of stability

testing are summarized in Table S7. This hypothesis has been

validated through the QFLS decay of control devices by 0.302

eV as the operational stability testing is extended, whereas the

QFLS of the TCM device is merely reduced by 0.096 eV before

and after aging (Figure S27).

As shown in Figure S28, after undergoing operational stability

tests for 100, 400, and 600 h, the perovskite films from the TCM

device degraded slowly. For the ETL samples, the TCM-SnO2

sample under conditions of 65�C and ca. 50% relative humidity

for 100, 400, 600, and 800 h did not exhibit visible alterations,

while the SnO2 sample began to show noticeable morphological

damage after 600 h of aging (Figure S29). Subsequently, the

perovskite film from the control device showed initial degrada-

tion at 600 h, and significant damage was already evident at

800 h. The results of UV-visible (UV-vis) absorption spectra are

consistent with the SEM images of perovskite (Figure S30).

Furthermore, time-of-flight secondary-ion mass spectrometry

(ToF-SIMS) was used to characterize the ion distribution of

perovskite in the control and TCM devices. As shown in Fig-

ure S31, I� ions from the perovskite layer gradually show

small-scale diffusion after aging for 100, 400, 600m and 800 h

in TCM devices, while significant diffusion of I� occurs after

800 h in the control device, consistent with the SEM results. In

the XPS spectra of the O 1s core level of SnO2, the proportion

of Odefect after aging for 100, 400, 600, and 800 h are 55.34%,

56.41%, 63.28%, and 78.32%, respectively (Figure S32A).

Conversely, the proportion of Odefect in TCM-SnO2 does not

show significant changes from 0 to 800 h (Figures S9A

and S32B).

Therefore, the efficiency decay of the control device within the

600 h is mainly due to the degradation of the perovskite itself. Af-

ter 600 h, significant disruption of the SnO2 in the control device

leads to extensive fractures of the bonds at the SnO2/perovskite

interface, which further triggers the rapid degradation of perov-

skite and results in a fast decay of the control device. In the

TCM device, the passivation of TCMs for the surface defects

of SnO2 and the formation of a stable SnO2/perovskite interface

reduced defect-assisted charge accumulation and inhibited the

rapid degradation of perovskite.

In summary, we propose a targeted chelating strategy to

create a self-assembled conformal SnO2 ETL through solution

processing on a textured TCO surface for large-area PSCs.

The two terminal groups of PBBP can target chelation with VO

of SnO2 nanoparticles to form a quasi-monomer dispersion

and establish robust bonds with FO of FTO during ETL deposi-

tion. Benefiting from the balanced interface charge dynamics,

the corresponding PSCs achieved champion PCEs of 25.32%

and 24.57% under reverse scan with aperture areas of 0.09

and 1.00 cm2, respectively, passing the ISOS-L-3 protocol. We

anticipate that this work will open new avenues for designing

conformal charge transport layers to enhance the efficiency,

scalability, and stability of PSCs.
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Figure 4. Efficiency, scalability, and stability of TCM devices

(A) Cross-sectional images of SEM of TCM devices. Scale bar, 1 mm.

(B) QFLS of PSCs equipped with SnO2 ETL modified with or without TCMs.

(C and D) (C) J-V curves of champion control and TCM devices with an aperture area of 0.09 cm2. (D) Corresponding IPCE and integrated J of champion TCM

device with an aperture area of 0.09 cm2. The intersection of the dashed line with the x axis indicates the position of the absorption edge, and the slow increase

starting from 850 nm belongs to the band-edge absorption due to the disturbances originating from the presence of impurities in the perovskite material, which

does not affect the position of absorption edge.

(E) Relationship between performance parameters and aperture area of champion control and TCM device.

(F) Operational stability of the control and TCM devices with an aperture area of 1 cm2 following the ISOS-L-3 protocol (maximum power point, continuous 1 sun

illumination, 65�C, and ca. 50% relative humidity). All the cells were encapsulated, and the initial PCEs of control and TCM devices are 20.45% and 22.51%,

respectively, mainly due to the replacement of hole transport layers.
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METHODS

Materials
All chemicals were purchased from companies without further

purification. ETL: dispersing SnO2, 15% in H2O colloidal disper-

sion (Alfa Aesar), deionized water (Sigma Aldrich), MBBM (97%,

Aladdin), PBBP (>97%, Aladdin), PBP (>98%, Tokyo Chemical

Industry), and KOH (>86%, Tokyo Chemical Industry). Perov-

skite precursor: CH(NH2)2I (FAI, 98%), CH3NH3I (MAI, 98%),

CH3NH3Cl (MACl, 98%), and PbI2 (99.99%) from Tokyo Chemi-

cal Industry; dimethylformamide (DMF, 99.8%), dimethyl sulf-

oxide (DMSO, 99.9%), and isopropanol (IPA, 99.5%) from

Sigma-Aldrich. Passivation layer: CsI (>99%), OAI (>98%)

from Tokyo Chemical Industry. HTL: spiro-OMeTAD (99.8%)

from Ningbo Borun New Material Technology; 4-tert-butylpyri-

dine (tBP, 96%), Li-TFSI (99.95%), acetonitrile (ACN, 99.8%),

and chlorobenzene (CB, 99.8%) from Sigma-Aldrich; polytriaryl-

amine (PTAA) from Sigma-Aldrich); 4-isopropyl-40-methyldiphe-
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nyliodonium tetrakis(pentafluorophenyl) borate (TPFB, >98%)

from Tokyo Chemical Industry. Buffer layer: MoO3 (99.998%)

from Alfa Aesar. Electrode: Au (99.999%) from Beijing Dream

Material Technology.

Components of ETLs
(1) SnO2 dispersion: diluting dispersing SnO2 by deionized water

with v/v of 1:8.5; MBBM-SnO2 dispersion: 0.0353 g of MBBM

was dissolved in 8.5 mL of deionized water with KOH to modify

the pH value (denoted as MBBM-KOH, M(KOH)/M(MBBM) =

3.5), after which 1 mL of dispersing SnO2 was diluted in 8.5 mL

of MBBM-KOH to form MBBM-SnO2 dispersion. (2) PBBP-

SnO2 dispersion: 0.0458 g of PBBP was dissolved in 8.5 mL of

deionized water with KOH to modify the pH value (denoted as

PBBP-KOH, M(KOH)/M(PBBP) = 5.0), after which 1 mL of

dispersing SnO2 was diluted in 8.5 mL of PBBP-KOH to form

PBBP-SnO2 dispersion. (3) 0.0348 g of PBP was dissolved in

8.5 mL of deionized water with KOH to modify the pH value
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(denoted as PBP-KOH, M(KOH)/M(PBP) = 5.0), after which 1 mL

of dispersing SnO2 was diluted in 8.5 mL of PBP-KOH to form

PBP-SnO2 dispersion.

Fabrication of anti-reflection layers
Aprecursor solution composed ofmethyl isobutyl ketone and sil-

icon dioxide nanoparticles was purchased from Shanghai Juan-

rou Newtech and diluted by IPA (1:1 v/v). The diluted solution

was spin coated atop the glass side of FTO substrates at

3,000 rpm for 30 s, followed by a thermal annealing process at

120�C for 2 h to remove the solvent and obtain the anti-reflection

layer.

Fabrication of PSCs
The FTO substrates were etched with zinc powder and 6 M

aqueous hydrochloric acid for 15 s to obtain patterned sub-

strates. The patterned substrates were then sonicated with

detergent, deionized water, ethanol, acetone, and IPA, respec-

tively for 15min. The sheet resistance and average transmittance

in the visible-light wavelength range of FTO substrate used for

preparing 0.09-cm2 devices and 1-cm2 devices are 10 U/,

and 89%, respectively. The FTO substrate used for preparing

10-cm2 devices has a sheet resistance and average transmit-

tance in the visible-light wavelength range of 6 U/, and 88%,

respectively. After drying, the FTO substrates were cleaned

with UV ozone for 20 min. Different SnO2 dispersions were

then spin coated on the substrate at 3,000 rpm for 30 s to form

SnO2 ETLs, followed by annealing in ambient air at 150�C for

30 min. After being cleaned with UV ozone for 20 min, the sub-

strates were transferred to an N2-filled glovebox. Next, 1.5 M

PbI2 in DMF/DMSO (9:1 v/v) was spin coated on the SnO2 ETL

at 1,500 rpm for 40 s and annealed at 70�C for 1 min. A solution

of FAI/MAI/MACl (90:13:9 mg) dissolved in 1 mL of IPA was then

dynamically spin coated on PbI2 films at 1,800 rpm for 30 s, fol-

lowed by annealing for 15 min at 150�C under ambient atmo-

sphere (30%–34% relative humidity). After being transferred to

the N2-filled glovebox and cooled down, a passivation layer of

CsI with 5 nm was deposited by thermal evaporation, and a

passivation layer of OAI solution (5 mg in 1 mL IPA) was spin

coated on perovskite at a spin rate of 5,000 rpm for 30 s before

the HTL deposition. For the spiro-OMeTAD ETL with Li-TFSI,

72.3 mg of spiro-OMeTAD, 17.5 mL of Li-TFSI (520 mg Li-TFSI

in 1 mL ACN), and 28.8 mL of tBP were dissolved in 1 mL of CB

and spin coated atop perovskite film at a spin rate of

3,000 rpm for 30 s. For the PTAA ETL for stability tests, 30 mg

of PTAA HTLs doped with 3 mg of TPFB in 1 mL of toluene

was spin coated atop perovskite film at a spin rate of

2,000 rpm for 30 s. The 120-nm Au electrodes were then ther-

mally evaporated as anodes using a shadow mask with a sub-

strate cooling system. The 0.09-cm2 and 1.00-cm2 (0.50 cm 3

2.00 cm) masks were used to define the active areas during

measurements.

Characterization
The ATR-IR images were acquired using a Nicolet 6700 instru-

ment (Thermo Fisher, USA). The spectra were referenced to

the spectrum of the BaF2 substrates in their bare form, with the

spectral range and resolution set at 400–4,000 cm�1 and
4 cm�1, respectively. The XPS and UPS results were obtained

using an AXIS UltraDLD instrument with an Al Ka X-ray source

(AXIS, China). The signals were calibrated using the peaks of

the C 1s core level due to its relatively consistent binding energy.

DLS spectra were measured by Omni (Brookhaven, USA) with

the testing range for particle size from 0.3 nm to 10 mm. The

TEM images were captured using a Talos F200X G2 system (Ta-

los, USA) equipped with EDS capabilities. The cross-sectional

samples were prepared using the focused ion beam (FIB) tech-

nique with a GAIA3 instrument (GAI, Czech Republic). To mini-

mize environmental effects and potential damage from the

high-energy FIB, a 2-mm carbon (C) layer was deposited over

the Pt layers. To mitigate heat-induced sample alterations, a

lower FIB voltage of 5 kV was utilized. The AGS of SnO2 grains

is derived from grain statistics by the open-access ImageJ appli-

cation. AFMwas carried out on anMFP-3D (Oxford Instruments,

USA) to measure the sample roughness. The Fastscan Bio AFM

system (Bruker, USA) equipped with a Multi75E-G tip was used

to acquire the conductive AFM images. The pH values of TCM

solution and corresponding SnO2 dispersion was measured by

a pH meter (S220, China). The Agilent Cary 670 FTIR spectrom-

eter, in conjunction with a Cary 620 microscope featuring a focal

plane array detector (iN10MX, Thermo Scientific, USA), was em-

ployed for acquiring FTIR microscopy images. The instrument

has a spatial resolution of 5.5 mm per pixel with a total of 64 3

64 pixels. IRmapping spectra were gathered in ambient air utiliz-

ing non-polarized light-transmission mode. For all spectra, refer-

ence was made to the spectrum of the pristine BaF2 substrate,

and the spectral resolution wasmaintained at 4 cm�1. The trans-

mittance spectra were analyzed through UV-vis absorption

spectroscopy using a Lamda 950 instrument (Lamda, China).

The current-voltage curves were measured with a Keithley

2400 digital source meter under dark conditions. A JEOL JSM-

7800F Prime field-emission scanning electron microscope

(JEOL, Japan) was utilized to examine the morphology of the

samples. The TRPL and PL spectra were measured on an

FLS1000 system (Edinburgh Instruments, UK), and fitted by the

bi-exponential formulas (Equations S12 and S13).48 The XRD

patterns were obtained using a multifunctional X-ray diffractom-

eter (D8 Advance, Da Vinci, Germany) with a scanning range

from 3� to 70� at a scanning rate of 0.3� per second. CLSM im-

ages of perovskite atop different SnO2 ETLs were tested by

TCS SP8 STED 3X (Leica, Germany). The AGS of perovskite

grains is derived fromgrain statistics by the open-access ImageJ

application. The QFLS results were measured by a photolumi-

nescence quantum yield (PLQY) system (Quantaurus-QY Pllus,

China), and details of the analysis can be found in Note S8.

The SCLC method was measured by a multifunctional electro-

chemical analysis instrument (Zahner, Germany). The J-V char-

acteristics of PSCs were obtained under simulated solar illumi-

nation of 100 mW cm�2, air mass 1.5 global spectrum using a

WXS-155S-10 solar simulator (Wacom Denso) and recorded

with a digital source meter. The solar simulator was calibrated

using a standard silicon reference cell certified by the Calibra-

tion, Standards and Measurement Team at the Research Center

for Photovoltaics in AIST, Japan, ensuring a spectral mismatch

of less than 3%. The J-Vmeasurements were conducted during

forward scan (�0.2 to 1.2 V) or reverse scan (1.2 to �0.2 V)
Cell Reports Physical Science 6, 102506, April 16, 2025 9
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sweeps. The IPCE spectrum was determined using monochro-

matic light with an intensity of 1 3 1016 photons cm�2. ToF-

SIMS results were based on an IONTOF SIMS 5-100 (IONTOF,

Germany) with a stable Cs+ ion beam as the ion beam to peel

off the sample with a detected area of 100 3 100 mm2.
Operational stability test of PSCs based on the ISOS-L-3
protocol
To assess the operational stability shown in Figure 4F, PTAA

was used instead of spiro-OMeTAD to eliminate concerns

about the thermal stability of HTLs. In this case, PTAA was

doped with TPFB instead of Li-TFSI and tBP. The 5-nm

MoO3 buffer layer was inserted between PTAA and Au elec-

trode to reduce Au migration from electrodes. The PSCs

were encapsulated in the nitrogen-filled glovebox with cavity

glass and UV-curable glue based on our previous work.49 The

operational stability of the encapsulated PSCs was evaluated

using a solar cell light resistance testing system following the

ISOS-L-3 protocol, with measurements taken at the maximum

power point under standard 1-sun illumination (100 mW cm�2)

with 65�C and ca. 50% relative humidity. The PCE of the PSCs

mentioned above was monitored every 24 h using the reverse

J-V scan.
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