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P H Y S I C A L  S C I E N C E S

Dimensional engineering of interlayer for efficient 
large-area perovskite solar cells with high stability 
under ISOS-L-3 aging test
Yikai Yun1†, Qing Chang2†, Jinjian Yan3, Yuanyuan Tian1, Sijie Jiang1, Wenjie Wei1, Shaoqun Li1, 
Yuzheng Guo4, Jun Yin2, Jing Li2, Mengyu Chen1,5*, Kai Huang3,5,6*, Cheng Li1,5*, Rong Zhang3,5,6

The utilization of low-dimensional perovskites (LDPs) as interlayers on three-dimensional (3D) perovskites has 
been regarded as an efficient strategy to enhance the performance of perovskite solar cells. Yet, the formation 
mechanism of LDPs and their impacts on the device performance remain elusive. Herein, we use dimensional engi-
neering to facilitate the controllable growth of 1D and 2D structures on 3D perovskites. The differences of isomeric 
ligands in electrostatic potential distribution and steric effects for intermolecular forces contribute to different 
LDPs. The 1D structure facilitates charge transfer with favored channel orientation and energy level alignment. This 
approach enables perovskite solar modules (PSMs) using 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-
spirobifluorene to achieve an efficiency of 20.20% over 10 by 10 square centimeters (cm2) and 22.05% over 6 by 
6 cm2. In particular, a PSM (6 by 6 cm2) using poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] maintains an initial 
efficiency of ~95% after 1000 hours under the rigorous ISOS-L-3 accelerated aging tests, marking a record for the 
highest stability of n-i-p structure modules.

INTRODUCTION
Organic-inorganic halide perovskite (OIHP) solar cells have been 
tremendously developed over the past decade. Owing to the excel-
lent photovoltaic properties of OIHP materials combined with 
continuous optimization (1, 2), the certified power conversion ef-
ficiencies (PCEs) of perovskite solar cells (PSCs) have exceeded 
26.1% (3,  4). Nevertheless, because of the ionic nature and ion 
migration of OIHP materials (5, 6), three-dimensional (3D) OIHP 
is susceptible to degradation from light, heat, and moisture, which 
restricts their large-scale applications (7). In particular, the abun-
dant defects at the surface and grain boundaries (GBs) of poly-
crystalline perovskite films and ion migration under the external 
electric field (5) result in increased nonradiative recombination 
centers to deteriorate the photovoltaic performance and opera-
tional stability of PSCs (8–10).

Recently, spontaneous formation of low-dimensional perovskites 
(LDPs) such as 2D and 1D structures on 3D perovskites are ob-
served by the surface treatment of the bulky ammonium salts (11–
16). For instance, butylammonium (BA), benzylammonium (BzA), 
and phenethylammonium (PEA) have been demonstrated in the 
formation of stable 2D perovskites (14, 17–19), whereas certain het-
erocyclic ammonium cations including thiazolium, benzimidazolium, 
and pyrrolium have been used for surface treatment of perovskites, 
resulting in 1D perovskites (15, 20, 21). These LDP structures exhibit 

the capability to proficiently passivate the interfacial defects be-
tween 3D perovskites and charge transport layers. However, the 
ambiguity in the LDP orientation presents controversial results for 
the heterojunction type and interfacial carrier dynamics. For exam-
ple, the lateral-stacked 2D perovskites on the 3D perovskite surface 
may hinder the carrier extraction in vertical devices (22–24). There-
fore, to address the limitations of LDP interlayers, it is necessary 
to establish a systematic framework governing the interactions be-
tween organic cations and octahedral inorganic layers so as to reveal 
the formation mechanism of different dimensional LDPs. In addi-
tion, it is highly demanded to develop an approach with minimized 
variables for controllable dimensionality adjustment, achieving a 
fair and systematic comparison of different LDP structures on the 
3D perovskites.

It has been reported that the introduction of fluorine (F) atoms 
into organic ammonium salts can alter the surface electrostatic po-
tential distribution of organic cations so that the introduction of 
the fluorinated moieties has a pronounced impact on interfacial 
dipole as well as the organic cations and perovskite formation en-
ergy (25–28). For example, molecular electrostatic potential distri-
bution on intermolecular interactions is recently reported to affect 
the crystallization structure of Ge-based perovskite octahedra (29). 
Therefore, by varying the substitution positions of F atoms within 
organic ammonium cations, it is possible to influence the intermo-
lecular interactions between the organic cations and the perovskite 
octahedral lattice.

Herein, by regulating the substitution position of the strong 
electron-withdrawing trifluoromethyl (-CF3) group on the benzene 
ring, we obtain distinct LDP structures while concurrently establish-
ing a comprehensive and equitable basis for comparison. We demon-
strate that the introduction of X-trifluoromethyl-benzylammonium 
iodides (X-TFBzAI, including 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI) 
enables the formation of distinct 1D and 2D structures on 3D 
perovskites. The formation of perovskites with different dimension-
alities are due to the distinct spatial positioning of the -CF3 in 
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isomeric ligands and the resulting distinct electrostatic potential dis-
tribution, steric effects, and the ability of the ligands to form hydro-
gen bonds. In particular, the incorporation of a 1D structure with 
channel orientation and favored energy level alignment further fa-
cilitates the charge transfer, resulting in the devices with optimal 
PCEs. The 0.12-cm2 PSCs based on the 1D interlayer achieve the 
PCE up to 24.19% and the 6 by 6 cm2 (18-cm2 active area) and 10 by 
10 cm2 (56-cm2 active area) perovskite solar modules (PSMs) 
based on 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-
spirobifluorene (Spiro-OMeTAD) to achieve excellent efficiencies of 
22.05 and 20.20%, respectively. In addition, we conduct the aging 
tests of our PSMs in strict compliance with the International Summit 
on Organic Photovoltaic Stability (ISOS) protocols (30). Under rig-
orous accelerated aging testing conditions [ISOS-L-3 protocol, i.e., 
maximum power point tracking (MPPT) under AM 1.5G illumina-
tion at 85°C and 50% ± 10% relative humidity (RH)], the PSM (6 by 
6  cm2) using poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 
(PTAA) (PCE  ~  18.41%) has demonstrated a record high perfor-
mance in stability (T95 ~ 1000 hours).

RESULTS
Ligand engineering for dimensional control of 
LDP structures
Figure 1A shows the schematic structures of the three ammonium 
cations (X-TFBzA+) with different -CF3 substitution positions 
and the corresponding electrostatic surface potential (ESP) ob-
tained by Gaussian theoretical calculation. The different relative 
positions of -CF3 and -NH3

+ on the benzene ring result in the 
different electrostatic potential (φ) distributions. The maximum 
electrostatic potentials (φmax) at the -NH3

+ side of 2-TFBzA+, 
3-TFBzA+, and 4-TFBzA+ are evaluated as 0.235, 0.243, and 
0.244, respectively. That is, the molecular polarity of 2-TFBzA+ is 
slightly lower than 3-TFBzA+ and 4-TFBzA+, which may influ-
ence the interactions between the organic ligands. Considering 
the small differences in electrostatic potential distribution, to fur-
ther reveal the influence of isomeric ammonium cations during 
the formation of perovskites, we grow the corresponding LDP 
single crystals with 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI (photo-
graphs shown in figs. S2 and S3). The rotary target microfocal 

Fig. 1. Dimensional engineering mechanism and schematic diagram of passivation. (A) Molecular structures of three ammonium cations (2-TFBzA+, 3-TFBzA+, and 
4-TFBzA+) and the corresponding Gaussian calculated electrostatic potentials. The color bar from blue to red marks the increment of electropositivity. a.u., arbitrary units. 
(B to D) 1D-(2-TFBzA)3PbI5, 2D-(3-TFBzA)2PbI4, and 2D-(4-TFBzA)2PbI4 perovskite single-crystal structures based on 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI, respectively. (E to G) 
DFT calculation models, with the VA

− on the perovskite surface occupied with 2-TFBzA+, 3-TFBzA+, and 4-TFBzA+, respectively. (H) Eint values of three ammonium ligands 
with the perovskite surface. (I) Device structure of PSCs. (J to L) Schematic stacking models of different LDP interlayers on the surfaces of 3D perovskite.



Yun et al., Sci. Adv. 11, eadp3112 (2025)     15 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 11

spot single-crystal diffractometer is used to analyze the lattice 
structure of the single crystals (lattice constants are listed in tables 
S1 to S3), with the corresponding structures presented in Fig. 1 (B 
to D). Figure 1 (C and D) depicts the formation of typical 
Ruddlesden-Popper (RP) 2D perovskite structures upon the in-
troduction of 3-TFBzAI and 4-TFBzAI, respectively. These struc-
tures feature the van der Waals stackings of the inorganic monolayer 
of corner-sharing [PbI6]4− octahedra capped with large ammo-
nium cations, with a chemical formula of (3-TFBzA)2PbI4 and 
(4-TFBzA)2PbI4. In contrast, as shown in Fig. 1B, the introduc-
tion of 2-TFBzAI results in a strong intermolecular interaction, 
which causes the [PbI6]4− octahedra to self-assemble into chains 
[1D structure, denoted as (2-TFBzA)3PbI5]. Another perspective 
view of the lattice structure in fig. S1 further reveals that the 
strong intermolecular interaction can be attributed to the shorter 
distance between the -CF3 and the -NH3

+ groups in 2-TFBzA+. 
When -NH3

+ coordinates with A sites in perovskites, the electro-
static attraction between the unsaturated hydrogen on the ben-
zene ring and the fluorine in the neighboring C─F bond facilitates 
a connection of adjacent function groups through C─H··F─C in-
teractions (highlighted in red circles). This interaction leads to 
the formation of larger organic spacers, which causes the [PbI6]4− 
octahedra to assemble into 1D chains instead of forming a layered 
(2D) structure.

To examine the interactions between different ammonium ligands 
and 3D perovskite surfaces, we used density functional theory (DFT) to 
simulate the filling of A vacancies (VA

−) on the 3D perovskite surface by 
X-TFBzA+ (Fig. 1, E to G). The corresponding interaction energies 
(Eint) between the different ammonium cations and perovskite surfaces 
are calculated and presented in Fig. 1H. The more negative Eint indicates 
that they are thermodynamically more favorable to the binding of mol-
ecules to the perovskite surface. 3-TFBzA+ and 4-TFBzA+ both exhibit 
a stronger tendency to bind with VA

−, which is favored in the insertion 
of -NH3

+ into VA
−, to initiate the orderly packing of ligands on the 

perovskite surface. This may facilitate the lattice formation of lateral-
stacked 2D scheme with van der Waals interaction on the 3D perovskite 
surface. For 2-TFBzA+ with relatively weaker Eint to VA

−, the insertion 
of -NH3

+ into VA
− accompany with the formation of hydrogen bonds 

(C─H··F─C) between the -CF3 and the benzene ring of adjacent li-
gands as illustrated in fig. S1A. This leads to the formation of a distinct 
1D perovskite structure on the 3D perovskite surface.

On the basis of the above analysis, we use 2-TFBzAI, 3-TFBzAI, 
and 4-TFBzAI to induce the formation of different dimensional 
LDPs on the 3D perovskite (FA0.95Cs0.05PbI3 ~ FACs) matrix, as the 
passivated heterolayers to enhance both the stability and efficiency 
of PSCs. Figure 1I shows the schematic configuration of the PSC, 
with the device architecture of ITO/SnO2/FA0.95Cs0.05PbI3/Spiro-
OMeTAD/Au. The corresponding structural schematics of self-
assembled LDP/3D films treated with isomeric ammonium ligands 
are illustrated in Fig. 1 (J to L). Figure 1 (K and L) shows that both 
3-TFBzAI and 4-TFBzAI can induce the formation of RP 2D 
perovskite structures parallel stacking on the 3D perovskite surface. 
This provides an efficient passivation of the defects at the surface 
and GBs but may potentially hinder the charge extraction in vertical 
devices. For 2-TFBzAI, as shown in Fig. 1J, the formation of chain-
like 1D perovskite is facilitated on the 3D perovskite surface, which 
ensures both the efficient defect passivation and a conductive path-
way for charge transfer at the interface.

Crystalline phase characteristics and optical properties of 
perovskite films
To confirm the formation of different LDPs due to the treatment of 
isomeric ammonium cations on 3D perovskites, we conducted the 
crystalline phase characterizations of the untreated perovskite film 
(Control) and the films treated with 2-TFBzAI, 3-TFBzAI, and 
4-TFBzAI (respectively refer to 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI 
films hereinafter).

To investigate the LDP structures, we used grazing incidence 
wide-angle x-ray scattering (GIWAXS). 2D GIWAXS images of 
Control, 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI films at a grazing 
angle of α = 0.4° are shown in Fig. 2 (A to D), respectively. The Con-
trol film (Fig. 2A) shows the typical 3D perovskite diffraction rings 
at [110]c (q  =  1 Å−1) and [220]c (q  =  2 Å−1). For 3-TFBzAI and 
4-TFBzAI films shown in Fig. 2 (C and D), respectively, the addi-
tional diffraction peaks at q ~  0.31 and 0.68 Å−1 (3-TFBzAI) and 
q ~ 0.35 and 0.73 Å−1 (4-TFBzAI) are observed. This corresponds to 
the parallel-oriented 2D perovskite structures, indicating the forma-
tion of highly ordered 2D/3D perovskites. For the 2-TFBzAI film 
(Fig. 2B), a weak LDP signal (q ~ 0.27 Å−1) is observed, which re-
lates to the formation of 1D perovskites grown on the 3D perovskite 
surface. Moreover, the intensity of 3D perovskite diffraction rings, 
through the posttreatment of 2-TFBAI, is notably enhanced in all 
directions compared with the Control film, which confirms that the 
in situ secondary reaction and recrystallization process to optimize 
the crystallinity of 3D perovskites.

The small-angle grazing incidence x-ray diffraction (GIXRD) is 
adopted to provide the depth-dependent crystallographic informa-
tion on the surface of LDP/3D perovskites. Figure 2 (E to H) shows 
the measured GIXRD patterns of Control, 2-TFBzAI, 3-TFBzAI, 
and 4-TFBzAI films with different incidence angles (ω = 0.1°, 0.2°, 
0.5°, and 1.5°) to probe the crystalline phase information from the 
top surface (tens of nanometers) to the inside of the films. Figure 2E 
shows that the Control film is a standard 3D perovskite with a dif-
fraction peak at around q = 1 Å−1. After treatment with 3-TFBzAI 
and 4-TFBzAI, the obvious 2D diffraction peaks can be observed in 
different depths, with a peak at 0.32 Å−1 in the 3-TFBzAI film (Fig. 
2G) and a peak at 0.35 Å−1 in the 4-TFBzAI film (Fig. 2H). For the 
2-TFBzAI film shown in Fig. 2F, an LDP peak is observed at 0.30 Å−1, 
which corresponds to the 1D perovskite formation. This LDP signal 
is weaker than the ones observed in other treated films, which cor-
relates well with the nonparallel growth of 1D perovskites on the 3D 
perovskite surface. At q  =  0.8~1 Å−1, the appearance of shoulder 
peaks in the data could be attributed to the presence of intermediate 
phases (31).

We then use the cross-sectional high-resolution transmission 
electron microscopy (HRTEM) to clearly visualize the LDP 
structures. We coat the perovskite films with a protective plati-
num layer and further process them using focused ion beam 
(FIB) milling. Figure 2 (I to L) illustrates the pure 3D perovskite 
structure of the Control sample and the presence of different 
LDPs on the 3D perovskite surface. We measure the interplanar 
spacings of perovskites in different regions, which are in good 
agreement with our single-crystal structural parameters (tables 
S1 to S3). These results provide the direct evidence for the for-
mation of 1D and 2D perovskite on the 3D surface, which are 
consistent with the structural schematics of LDP/3D films in 
Fig. 1 (J to L).
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The surface passivation properties of 1D and 2D structures on 
3D perovskites are further investigated with morphology and opti-
cal characterizations. Figure 3 (A to D) compares the top-view scan-
ning electron microscopy (SEM) images of Control, 2-TFBzAI, 
3-TFBzAI, and 4-TFBzAI perovskite films. It is observed that many 
residual PbI2 (small white fragments marked by yellow circles) are 
distributed in the GBs of perovskite polycrystals (32, 33) in the Con-
trol film (Fig. 3A) and are not observed in the films treated with the 
three ammonium salts (Fig. 3, B to D). The reduced excess PbI2 can 
be attributed to the surface reaction of ammonium ligands to form 
the LDP passivation layers (28, 34, 35). The x-ray diffraction (XRD) 
patterns (2θ scope of 5° to 55°) of different perovskite films are mea-
sured and compared in fig. S4. The characteristic peak at 12.8° cor-
responding to the (001) lattice of PbI2 observed in the Control film 
(36) is substantially suppressed after the treatment of X-TFBzAI, 
which corresponds well with the morphology observations. There is 
no clear PbI2 signal in the GIWAXS measurement, likely due to its 
primary location at the GBs with amorphous crystallinity, where its 
contribution to the overall diffraction pattern is minimal and easily 
overshadowed by the signals from the bulk perovskites. In addition, 
the x-ray photoelectron spectroscopy (XPS) measurement is used to 
analyze the interactions between X-TFBzAI and 3D perovskite sur-
faces. In the Control film (Fig. 3E), the two small peaks located at 
141.58 and 136.70 eV are assigned to metallic lead (Pb0) species, 
which is originated from the decomposition of PbI2 (37). In all 
X-TFBzAI–treated films, the Pb0 peaks are effectively inhibited, 
which further confirms that the excess PbI2 reacts with X-TFBzAI 
and converts to LDPs. Moreover, with the comparison of the peak 

positions of Pb 4f between the control and treated films, we observe 
the slight shifts in the 3-TFBzAI and 4-TFBzAI films and a pro-
nounced shift in the 2-TFBzAI film, indicating the formation of a 
stronger chemical bond (38, 39). This can be attributed to the treat-
ment of 3-TFBzAI and 4-TFBzAI to preferentially convert the 3D 
perovskite surface to the layered 2D structure, resulting in a high 
reactivity and deep penetration depth in the perovskite heterofilms 
(40). In contrast, 2-TFBzAI exhibits a weaker reactivity with the 3D 
perovskite surface and with a shallower distribution of the 1D pas-
sivation layer in the heterofilm, as the GIXRD analysis (Fig. 2, E to 
H) indicated. This may preserve a higher proportion of ammonium 
ligands on the surface for more effective defect passivation. The 
steady-state photoluminescence (PL) (Fig. 3F) and time-resolved PL 
(TRPL) spectroscopy (Fig. 3G) are also used to evaluate the carrier 
nonradiative recombination behavior of the perovskite films (41). 
After X-TFBzAI treatment, the PL properties of 3D perovskite films 
are all improved, with the 2-TFBzAI film showing the most en-
hanced PL intensity and prolonged PL lifetime. The average lifetime 
(τavg) of the 2-TFBzAI film is 1133 ns, which is notably longer than 
those of Control (320 ns), 3-TFBzAI (681 ns), and 4-TFBzAI (639 ns). 
The detailed fitted values are summarized in table S4.

Then, we consider the effect of LDP/3D heterostructures on 
charge transport properties in devices. We use ultraviolet (UV) pho-
toemission spectroscopy (UPS) (Fig. 3H) and UV absorption spec-
trum (Fig. 3I and fig. S5) to determine the schematic energy band 
diagrams of the photovoltaic devices after isomeric X-TFBzAI treat-
ments (Fig. 3J). Notably, the valence band maximum (EVBM) of the 
1D structure (−5.43 eV) is situated between the 3D perovskite 

Fig. 2. Crystalline characterization of LDP interlayers. (A to D) 2D GIWAXS images of Control, 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI films at a grazing angle of α = 0.4°. 
(E to H) GIXRD pattern of the perovskite layer without and with surface treatment. The incidence angles (ω) are 0.1°, 0.2°, 0.5°, and 1.5°. (I to L) Cross-sectional HRTEM of 
Control, 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI films. Fast Fourier transform (FFT) is applied to the area within the white box, and the resulting FFT image is inserted.
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(−5.69 eV) and hole transport layer (HTL; Spiro-OMeTAD ~ −5.23 eV), 
which establishes a favorable energy level alignment to promote the 
hole transport. In addition, the absorption spectrum in fig. S5 shows 
a notable optical bandgap shift in the case of the 1D structure, which 
demonstrates a clear difference from the 2D structures. The 1D in-
terlayer has a higher conduction band energy, which results in a 
naturally formed electron-blocking layer to reduce the leakage cur-
rent between the 3D perovskite and HTL. Therefore, the 1D/3D het-
erostructures formed by 2-TFBzAI outperform the other 2D/3D 
structures in terms of both the optimal surface passivation and the 
favored energy shifts to facilitate the charge transfer.

In addition, we measure the TRPL with charge transport layer in 
fig. S6. The transient PL lifetime of the perovskites with charge 
transport layer shows the differences in interfacial charge transfer 
rates. The samples stacked with the HTL exhibit a shorter lifetime, 
indicating a notable carrier extraction. The introduction of three 
ammonium salts resulted in the even shorter lifetimes. Among 
them, 2-TFBzAI exhibit the shortest lifetime (64.56 ns), which can 
be attributed to the more favorable energy level alignment for charge 
transfer and the possible formation of 1D transfer channels. The de-
tail fitted values are summarized in table S5.

Performance of PSCs based on different LDP/3D perovskites
The PSCs with a planar n-i-p device configuration of fluorine-doped 
tin oxide (FTO)/SnO2/perovskite/Spiro-OMeTAD/Au are fabricat-
ed as described in Materials and Methods. The PSCs based on the 

perovskite film treated with 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI 
are denoted as 2-TFBzAI-PSC, 3-TFBzAI-PSC, and 4-TFBzAI-PSC, 
respectively. The current density-voltage (J–V) curves of the corre-
sponding champion devices are compared in Fig. 4A with device 
area of 0.12 cm2 and under AM 1.5G illumination. The detailed per-
formance parameters are listed in table S6. The PCE of Control-PSC 
(22.28%) is notably improved after X-TFBzAI treatment, with 
3-TFBzAI-PSC and 4-TFBzAI-PSC reporting a PCE of 23.56 and 
23.27%, respectively, and 2-TFBzAI-PSC exhibiting an optimal PCE 
of 24.19%. The statistical distribution plot for PCE based on 25 indi-
vidual devices is summarized in Fig. 4B, which clearly shows that 
the 2-TFBzAI–attributed 1D/3D PSCs have superior performance 
compared to the other 2D/3D PSCs. The statistical comparison of 
various parameters of PSCs shown in fig. S7 further reveals that the 
optimized PCEs of the 1D/3D PSCs primarily benefited from the 
improvements in open-circuit voltage (Voc) and fill factor (FF). This 
correlates well with our characterizations of the 2-TFBzAI–treated 
film, with suitable energy level shifts of the 1D passivation layer, to 
suppress the nonradiative recombination and inhibit the accumula-
tion of interfacial charges. The incidence photon-to-electron con-
version efficiency (IPCE) spectra of 2-TFBzAI-PSC and Control-PSC 
devices and the corresponding integrated short-circuit current den-
sity (Jsc) are presented in fig. S8. The integrated Jsc of 2-TFBzAI-PSC 
(24.49 mA cm−2) is within 5% deviation of the value extracted from 
J-V curves in Fig. 4A (25.56 mA cm−2), which confirms the reliabil-
ity of PCE measurement.

Fig. 3. Comparison of perovskite films after passivation of different LDP interlayers. (A to D) Top-view SEM images of Control, 2-TFBzAI, 3-TFBzAI, and 4-TFBzAI films. 
(E) XPS narrow-scan Pb 4f spectra, (F) steady-state PL spectra, (G) TRPL spectra, and (H) secondary electron cutoff and valence band regions of UPS spectra of the control 
3D and LDP/3D films. (I) Tauc plot to analyze the optical bandgap (Eopt

g). (J) Estimated energy level alignment derived from UPS spectra based on the optimal 
2-TFBzAI-1D/3D structure. The energy levels of 3-TFBzAI-2D and 4-TFBzAI-2D are also provided in the dashed box for comparison.
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The physical properties and charge transfer behavior of the 
abovementioned PSCs are further investigated. Figure 4C compares 
the transient photocurrent (TPC) decay curves of different devices, 
showing the optimized transient response after X-TFBzAI treat-
ment. The inset table shows that the decay curves can be fitted with 
a biexponential function to obtain the fast decay constant τ1 and the 
slow decay constant τ2 (39). The reduced τ1 value represents a more 
efficient charge transfer, and the reduced τ2 represents a lower de-
fect state density. Compared to the control and other treated devic-
es, 2-TFBzAI-PSC obtains the lowest τ1 and τ2 values, which 
confirms the charge transfer channel and the optimal defect pas-
sivation of the 1D interlayer. Electrochemical impedance spectros-
copy (EIS) is used to investigate the interfacial charge transfer and 
recombination dynamics of PSCs. Nyquist plots of different devices 
measured in the dark under a bias of 0.8 V and the frequency range 
from 106 to 0.1 Hz, as well as the equivalent circuit used for fitting, 
are shown in Fig. 4D, which clearly demonstrates two arcs. These 
arcs can be attributed to charge transfer resistance (Rct) in the high-
frequency region and the recombination resistance (Rrec) within the 
bulk perovskite layer in the low-frequency region (42, 43). As indi-
cated by the fitted values in table S7, the optimal 2TFBzAI-PSC ex-
hibits the lowest transfer resistance (Rct  ~26,837 ohms) and the 
higher recombination resistance (Rrec  ~235,600 ohms), corre-
sponding to the superior charge transfer capability and enhanced 
defect passivation of the 1D passivation layer. Mott-Schottky analy-
sis is used to evaluate the built-in potentials (Vbi). As shown in Fig. 
4E, the extracted Vbi rises from 0.87 V (Control-PSC) to 1.01 V 
(2-TFBzAI-PSC). These measurements show that the 1D/3D-based 
2-TFBzAI-PSC facilitates the charge transfer and suppresses the 
nonradiative recombination.

To validate the scalability and reliability of the 1D passivation 
layer, we fabricated the large-area PSMs. As illustrated in the sche-
matic diagram of the PSM preparation process shown in fig. S10, the 
subcells are separated and connected by straight and smooth P1~P4 
scribing lines. Because of the P2 scribing process, sidewall damage 
occurs within the perovskite layer, consequently to accelerate the ag-
ing of PSMs under operational conditions. Therefore, it is crucial to 
passivate the perovskite film after P2 scribing. The 2-TFBzAI treat-
ment after the P2 scraping process simultaneously forms a 1D/3D 
heterogeneous passivation layer on both the surface and sidewalls of 
the delineated perovskite subcells. Compared to Control-PSM, the 
introduction of 2-TFBzAI has notably enhanced the performance of 
PSM, with the PCE of 6 by 6 cm2 (18-cm2 active area) and 10 by 
10 cm2 (56-cm2 active area) modules increasing from 18.40 to 
20.20% and 21.09 to 22.05%, respectively. The optimal J-V curves of 
the 2-TFBzAI-PSM are shown in Fig. 4F, which includes photo-
graphs of the minimodules (6 by 6  cm2 and 10 by 10 cm2). The 
detailed performance parameters are listed in table S8. Figure S11 
illustrates the detailed photographs of the minimodules (6 by 6 cm2 
and 10 by 10 cm2).

Electrical, optical, and thermal stability of perovskite films 
and photovoltaic devices
Ion migration is considered as one of the essential factors leading to 
poor stability of perovskite photovoltaic devices (6). To explore the 
effect of LDP/3D perovskites on material stability under the stresses 
of external electric and optical fields, we used PL imaging micros-
copy to in situ study the ion-related behavior of different perovskite 
films (44, 45). Figure 5 (A and B) illustrates the ion migration im-
ages of the Control and 2-TFBzAI films with the parallel electrodes 

Fig. 4. Optoelectronic performance of photovoltaic devices based on LDP interlayers. (A) Jsc versus Voc curves of the corresponding champion PSCs under 1-sun AM 
1.5G with a scan rate of 10 mV s−1 using a 0.12-cm2 mask (inset: the structure illustration of PSCs). (B) PCE distribution of different LDP interlayers. (C) TPC curves of PSCs 
(inset: the fitted value of decay curves). (D) Nyquist plots of PSCs in the dark under a bias of 0.8 V and a frequency range from 106 to 0.1 Hz (inset: the equivalent circuit 
model). (E) Mott-Schottky plots of Control-PSC and 2-TFBzAI-PSC. (F) Jsc versus Voc curves of the 2-TFBzAI-PSMs of 18 and 56 cm2 (inset: the photographs of PSMs).
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deposited on the top surface. Under a constant bias (40 V) applied 
across the electrodes, the PL quenching process can be clearly ob-
served in the Control film (the moving front is highlighted by red 
dashed line). In contrast, the 2-TFBzAI film exhibits a much stable 
PL behavior, and no sign of ion migration–related degradation can 
be observed after a continuous 40-V bias for 90 s. The ion migration 
images of 3-TFBzAI and 4-TFBzAI films under the same bias and 
stressing time are shown in fig. S12, showing that the ion migration 
is also efficiently inhibited. In our previous works, we have proposed 
that the PL quenching of perovskite films under external bias is as-
sociated with the ion migration, and these migrating ions are pri-
marily dominated by iodine vacancies (Vi

+) (39, 46, 47). In addition, 
further investigations are conducted with DFT simulations for the 
calculation of electronic density of states, aiming to elucidate the 

impact of defects and X-TFBzAI passivation on the electronic states 
in perovskite. The results in fig. S13 reveal that the presence of me-
thylammonium vacancies induces defect-associated impurity ener-
gy levels in the perovskite structure, resulting in a descent of the 
Fermi level. The defect states manifest as hole trap states near the 
VBM, contributing to the degradation of the optoelectronic proper-
ties of the perovskite. As shown in fig. S14, the filling of cationic 
vacancies by X-TFBzA+ mitigates the defect states. The density of 
states distribution exhibits a defect-free behavior, and the Fermi 
level is restored to the VBM. That is, X-TFBzAI can effectively pas-
sivate the surface defects to stabilize the lattice structure so as to 
mitigate the loss of I− ions during the annealing process and chelates 
with the uncoordinated Pb2+ ions. Therefore, not only the ion mi-
gration but also the ion/defect formation can also be suppressed 

Fig. 5. Electrical, optical, and thermal stability of perovskite films and devices based on the 1D interlayer. Time-dependent microscopic PL images of (A) Control 
and (B) 2-TFBzAI–treated perovskite films under external bias. The polarity of the external electric field is marked by the “+” and “−” symbols. The perovskite samples are 
excited by a ~470-nm light source under a constant bias (40 V). The channel length is 100 μm. In situ PL spectra of (C) Control and (D) 2-TFBzAI–treated perovskite films 
aging at 85°C in N2 atmosphere; the color scale bar represents the luminous intensity. (E) Operational stability of the encapsulated PSMs under MPPT, AM 1.5G, continuous 
illumination (100 mW cm−2), 85°C, and 50% ± 10% RH (ISOS-L-3); the initial PCEs were 18.41% for 2-TFBzAI-PSM and 16.96% for Control-PSM. (F) Long-term stability of the 
encapsulated Control-PSM and 2-TFBzAI-PSM in the dark at 85°C and 85% RH (ISOS-D-3); the initial PCEs were 17.80% for 2-TFBzAI-PSM and 16.83% for Control-PSM. 
(G) Statistical chart of our device to the other high-efficiency n-i-p–type PSCs reported in recent years, in the comparisons of aging condition, device area, and lifetime.
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with the introduction of the X-TFBzAI, which results in the notable 
improvement in stability.

The photothermal stability of perovskite films is also explored. 
The in situ PL spectra are measured under a 375-nm laser pumping 
and 85°C to observe the degradation process of the Control and 
2-TFBzAI films. As shown in Fig. 5 (C and D), the PL intensity of 
the Control film is decreased notably in 20 min, whereas the 
2-TFBzAI film maintains a relatively stable fluorescence intensity, 
indicating that the self-assembled 1D/3D structure efficiently miti-
gates the substantial degradation of the perovskite film. Further-
more, the introduction of -CF3 can bring better hydrophobicity, 
improving the perovskites stability. As shown in fig. S15, the water 
contact angles of perovskite films are notably increased after X-
TFBzAI treatment.

The practical applications of photovoltaic devices should be ex-
posed under outdoor harsh environmental conditions. Therefore, 
only the rigid and high-intensive aging tests can truly manifest the 
reliability and practical value of the PSCs (48). We notice that the 
metastability of PSCs is a complicated phenomenon in daily applica-
tions as an efficiency recovery process may occur during the diurnal 
cycle, with the reversibility mechanism still under debate (49, 50). 
Considering the laboratory conditions and the accelerating degrada-
tion with both temperature and light stressing, we used the ISOS-L-3 
protocol to evaluate the stability of PSCs, which is now recognized 
as a reliable and rigorous test. In addition, considering the defects 
states are inevitably increased in the PSCs with larger device area, it 
is necessary to conduct the accelerated aging tests in the larger de-
vices or in PSMs. We conduct the aging tests of PSMs (6 by 6 cm2) in 
strict compliance with existing ISOS stability protocols (30). We use 
PTAA instead of Spiro-OMeTAD to avoid the instability factors 
caused by the HTL (51–53). The relevant J-V curves and photovol-
taic parameters of PSMs with PTAA as the transport layer before and 
after aging under different ISOS protocols are in figs. S16 and S17 and 
table S9. In Fig. 5E, we verified the stability under harsh operating 
conditions using MPPT under continuous AM 1.5G illumination at 
85°C with 50% ± 10% RH (ISOS-L-3 protocol). The 2-TFBzAI-PSM 
maintains 95% of the initial efficiency of after 1000 hours, which is 
much longer than that of the Control-PSM (rapid degradation with-
in 200 hours). In addition, fig. S18 presents the photographs of aging 
PSMs under the ISOS-L-3 protocol. The Control-PSM shows the 
signs of degradation after aging, whereas the 2-TFBzAI-PSM does 
not exhibit a noticeable degradation. The extraordinary operational 
stability of 2-TFBzAI-PSM confirms that the 1D passivation layer 
not only effectively inhibits the vertical ion migration in PSCs but 
also alleviates the sidewall defects of PSMs and inhibits the trans-
verse ion migration at the scribing site. The hydrothermal stability is 
further tracked in an aging furnace of 85% RH at 85°C (ISOS-D-3 
protocol). The 2-TFBzAI-PSM shows excellent stability after 1000 hours,  
maintaining 91% of the initial PCE, outperforming the Control-PSM 
(63%) in Fig. 5F.

Figure 5G compares the aging conditions, lifetimes, and device 
areas of our device to the other reported high-efficiency, high-
stability n-i-p–type PSCs published in recent years. It can be ob-
served that the aging tests of most devices are conducted with small 
device area (below 1 cm2) and in the gentle ISOS-L-1 level, whereas 
the cases with accelerated aging tests under the ISOS-L-3 level are 
still quite rare. Our 2-TFBzAI-1D/3D PSM obtains the most pro-
longed lifetimes in the severe ISOS-L-3 aging test category with 
18-cm2 active area. To the best of our knowledge, it is the most stable 

operated n-i-p–type PSMs with the largest device area ever reported, 
which firmly substantiates the commercial viability of the PSMs pro-
cessed with our method. The detailed information about the recently 
published high-performance n-i-p PSCs is summarized in table S10.

DISCUSSION
This work presents a straightforward dimensional engineering ap-
proach to obtain the controllable LDP/3D structures. It further eluci-
dates the impact of distinct LDP structures on the surface passivation 
and charge carrier transport properties in PSCs. Ultimately, the high-
efficiency solar cells and large-area PSMs are realized based on the 
optimal 2-TFBzAI-1D. In the rigorous ISOS-L-3 accelerated aging 
tests conducted on PSMs, a record-high operational stability of 
n-i-p–type PSCs is achieved. Our work not only reveals the in-depth 
insights about the formation and functions of the LDP/3D hetero-
structures in PSCs but also provides a readily available strategy to 
notably facilitate both the efficiency and stability of large PSMs, 
which substantiates the commercialization path of perovskite photo-
voltaic products.

MATERIALS AND METHODS
Materials
Formamidinium iodide (FAI), cesium iodide (CsI), methylamine hy-
drochloride (MACl), FK 209 Co(III) TFSI salt, Spiro-OMeTAD, and 
PTAA were purchased from Xi’an Polymer Light Technology Corp. 
Bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) (99.95%, 
Sigma-Aldrich), lead iodide (PbI2), 4-tert-butylpyridine were pur-
chased from TCI. A SnO2 colloidal solution (15% in H2O colloidal 
dispersion) was purchased from Alfa Aesar. 2-Trifluoromethyl- 
benzylamine (2-TFBzA), 3-trifluoromethyl-benzylamine (3-TFBzA), 
and 4-trifluoromethyl-benzylamine (4-TFBzA) were purchased 
from Aladdin.

Synthesis of trifluoromethyl-benzylamine hydroiodide
2-Trifluoromethyl-benzylamine hydroiodide (2-TFBzAI), 3-trifluo 
romethyl-benzylamine hydroiodide (3-TFBzAI), and 4-trifluo 
romethyl-benzylamine hydroiodide (4-TFBzAI) were synthesized 
by adding hydroiodic acid (1 mmol) into a solution of X-TFBzA 
(1 mmol) in ethanol (20 ml) at 0°C. After stirring for 3 hours, the 
solvent was removed by rotary evaporation, which were washed three 
times with diethyl ether and then vacuum dried at 40°C for 12 hours.

Synthesis of LDP single crystals
The crystal of (3-TFBzA)2PbI4 and (4-TFBzA)2PbI4 was prepared by 
mixing 2 mmol of PbI2 and 4 mmol of 3-TFBzAI and 4-TFBzAI in 
the HI solution (10 ml, 53 wt % in water) in a 50-ml round-bottom 
flask. The produced red precipitates were dissolved by heating to 
130°C to get a clear solution. Slowly cooling the solution resulted in 
the formation of crystals. PbI2 (2 mmol) powder was dissolved in HI 
(25 ml, 53 wt %), and the mixture was stirred at 100°C for 10 min. 
2-TFBzA (6 mmol) was added to the hot solution, and the resultant 
mixture was stirred at 140°C for 2 min. (2-TFBzA)3PbI5 single crystals 
were obtained by slowly cooling the solution to room temperature.

Device fabrications
FTO glass substrates (Nippon Sheet Glass) were ultrasonically 
cleaned by glass detergent (1 vol % in deionized water), deionized 
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water, acetone, and ethanol for 15 min, in sequence. Substrates were 
treated with UV-ozone for 30 min to remove the last traces of or-
ganic residues. A compact SnO2 electron transport layer on FTO is 
prepared by blade coating a SnO2 colloidal dispersion and then an-
nealed at 150°C for 30 min. For depositing of the FA0.95Cs0.05PbI3 
perovskite layer, a mixture solution [0.05 mmol of CsI, 0.95 mmol of 
FAI, 1.00 mmol of PbI2, additives (20 mg of MACl), and 700 μl of 
N,N′-dimethylformamide and N-Methyl-2-pyrrolidone (NMP) 
(v/v = 9:1)] was spun on the as-prepared substrate at 5000 rpm for 
40 s, and then 200 μl of ethyl acetate was dropped on the substrate 
prior the end of the process. Then, the substrate was heat treated at 
150°C for 30 min. For perovskite surface treatment, X-TFBzAI (5 mg/
ml) in isopropanol was deposited at 3000 rpm for 35 s. The Spiro-
OMeTAD solution was prepared by dissolving 73 mg of Spiro-
OMeTAD into 1 ml of chlorobenzene, followed by the addition of 
18 μl of Li-TFSI [predissolved as a stock solution (520 mg/ml) in 
acetonitrile] and 29 μl of FK209 [predissolved as a stock solution 
(300 mg/ml) in acetonitrile] and 30 μl of 4-tert-butylpyridine. A 
35-μl Spiro-OMeTAD solution was spun on the corresponding 
perovskite films at 3000 rpm for 30 s. Last, 80 nm of gold was evapo-
rated as the back electrode to form the whole devices.

Large-area (6 by 6 cm2 and 10 by 10 cm2) perovskite films were 
fabricated using the blade-coating vacuum flash technique. A drop-
let of a perovskite precursor (40 μl) was introduced into the gap 
(~200 μm) between the blade and the substrate, followed by the lat-
eral movement of the blade at a speed of 16 mm/s. Subsequently, the 
wet film was rapidly transferred to a vacuum chamber, which could 
be quickly pumped down from atmospheric pressure to 10 Pa with-
in 1 min and then maintained at this pressure for 15 s. Following the 
vacuum flash process, the substrate was annealed at 110°C for 30 min 
and then at 130°C for an additional 30 min under atmospheric con-
ditions. For the posttreatment of 2-TFBzAI, a solution of isopropa-
nol (5 mg/ml) was spin coated at a speed of 60 mm/s, followed by 
5 min of UV irradiation. Spiro-OMeTAD was deposited through spin 
coating at a speed of 40 m/s. For the device thermal stability test, 
PTAA was dissolved in chlorobenzene (20 mg/ml) and was used to 
replace Spiro-OMeTAD as the HTL. The active area of the PSMs (6 
by 6 cm2 and 10 by 10 cm2) after the P1, P2-P4 laser scribing process 
was calculated to be 18 and 56 cm2 respectively.

Characterizations
Chemical structures and ESP of the X-TFBzA+ were computed us-
ing the Gaussian 09 program by the B3LYP DFT with 6-311+G (2d, 
p) basis set. The ESP distributions were visualized using GaussView. 
The surface morphologies and microstructures of the perovskite 
films were investigated using a field-emission scanning electron mi-
croscope (SUPRA55 Sapphire, Zeiss). The different perovskite films 
were tested by an x-ray diffractometer (D8 Advance) using Cu Kα 
radiation. The optical absorptions of the perovskite samples were 
measured using a UV-visible spectrophotometer (SHIMADZU UV-
2600i). The steady-state PL spectra were obtained using a PL spec-
trometer (Edinburgh, FLS1000) under continuous illumination 
from a xenon lamp at 450 nm (34 mW cm−2). The TRPL measure-
ments were conducted at 790 nm using the Delta Flex Fluorescence 
Lifetime System (Edinburgh, FLS1000) with an excitation wave-
length of 450 nm, and the excitation fluence was 10.19 nJ cm−2. 
Both steady-state and transient PL were excited from the perovskite 
side and the HTL side. The EIS measurements were carried out by 
an electrochemical workstation [AUTOLAB (PGSTAT204)] in the 

dark at a bias of 0.8 V, a small excitation amplitude of 10 mV, and 
frequency range from 106 to 0.1 Hz. The measurements were con-
trolled using the NOVA 2.1 software. The photocurrent density-
voltage curves of the PSCs were measured using a solar simulator 
(Oriel 94023A, 300 W) and a Keithley 2400 source meter. The inten-
sity (100 mW/cm2) was calibrated using a standard Si solar cell 
(Oriel, VLSI standards). All the devices were tested under AM 1.5G 
sunlight (100 mW/cm2) using a metal mask of 0.12 cm2 with a scan 
rate of 10 mV/s. PL imaging microscopy was performed using a 
commercial microscope (FN1, Nikon). The perovskite films were 
excited by an optical excitation at a central wavelength of ∼470 nm. 
The PL signal was directed onto a high-speed charge-coupled device 
camera (pco.pixelfly, PCO). A constant bias of 40 V was applied 
across the electrodes using a source meter unit (Keithley 2612B). 
Meanwhile, the time-dependent current was also monitored.

Single-crystal structure determination
The diffraction data of the single crystals of compounds (2-TF 
BzA)3PbI5, (3-TFBzA)2PbI4, and (4-TFBzA)2PbI4 are collected on 
an x-ray single-crystal diffractometer (Rigaku Oxford Diffraction 
system) using Mo Kα (λ = 0.71073 Å) at 100 K. The data are pro-
cessed using Olex2. The structures are solved and refined using 
full-matrix least-squares based on F2 using ShelXT, ShelXL, and 
Shelxle in Olex2.

Cross-sectional HRTEM measurements
The perovskite thin films were coated with a protective platinum 
layer and further processed by FIB milling and polishing. The FIB 
milling/polishing process ensured a smooth cross section and 
thinned the sample to 100 nm. HRTEM images were taken using 
a spherical aberration-corrected transmission electron micro-
scope [JEM-ARM300F2 (GRAND ARM2)], with the scale cali-
brated using a gold standard, operating at an acceleration voltage 
of 300 kV.

GIWAXS measurements
The x-ray energy used for the experiments was 10 keV, and the inci-
dence angle is 0.4°. To ensure the accuracy of our results, we used 
the GIXGUI Matlab toolbox, using it to perform essential correc-
tions on the raw GIWAXS patterns.

DFT simulation calculation method
In terms of the calculation method, a first-principles calculation 
based on DFT was conducted using the Vienna ab initio simulation 
software package. The generalized gradient approximation parame-
terized by Perdew-Burke-Ernzerhof was used as the exchange and 
correlation functional between electrons. The full crystal was repre-
sented by a 2 × 2 × 2 expansion of VMA perovskite cells under peri-
odic boundary conditions. A 20-Å vacuum layer was set vertically 
along the flat plate model to eliminate the interaction between adja-
cent plates due to periodicity. The electron wave function was ex-
panded using a cutoff energy of 550 eV, and a Monkhorst-Pack 
k-point mesh (6 × 6 × 1) was used to sample the Brillouin zone. In 
the geometric optimization of the flat plate model, ion and electron 
convergence energies were specified as 1 × 10−4 and 1 × 10−5 eV, 
respectively. The conjugate gradient algorithm was used for the geo-
metric optimization. The two molecular layers on the back of the 
substrate material were fixed, whereas other atoms were allowed to 
relax until the minimum total energy of the system was reached.
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Stability testing
PSMs were encapsulated with polymer and covered with glass through 
a hot-pressing process at 100°C and 0.1-MPa pressure for stability 
testing. Detailed photographs of the encapsulated and unencapsulat-
ed PSM were shown in fig. S19. For ISOS-D-3 protocol stability test-
ing, encapsulated PSMs were stored in a damp-heat chamber (K3600 
MH100, McScience) with a setting at a temperature of 85°C and an 
RH of 85%. The modules were removed from the aging chamber ev-
ery 72 hours and cooled to room temperature for current density-
voltage (J-V) measurement using a solar simulator. For continuous 
operation (ISOS-L-3 protocol) stability measurements, the modules 
were placed on a plate in ambient air at 50% ± 10% RH. The underly-
ing heating plate (the heating plate on which the test PSMs are placed) 
was maintained at 85°C, and a fixed bias voltage equivalent to the ini-
tial maximum power point voltage was continuously applied to the 
PSMs under the AM 1.5G condition without UV filters (a solar illu-
mination LED was used with a circulating cooling system). The damp 
heat aging equipment and the multichannel MPPT testing system 
were under continuous illumination, as shown in fig. S20.

Supplementary Materials
This PDF file includes:
Figs. S1 to S21
Tables S1 to S10
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