nature communications

Article

https://doi.org/10.1038/s41467-025-57303-w

Scalable preparation of perovskite films with
homogeneous structure via immobilizing
strategy for high-performance solar modules

Received: 8 August 2024

Accepted: 18 February 2025

Published online: 28 February 2025

Shihao Yuan', Daming Zheng ®?, Ting Zhang'
Lei Wang', Xiaobo Li', Hualin Zheng', Zecheng Diao®, Peng Zhang ®%,
Thierry Pauporté ®2 & Shibin Li®"

, Yafei Wang?®, Feng Qian’,

M Check for updates

Scalable fabrication of perovskite films with homogeneous structure remains a
critical challenge in bridging power conversion efficiency gap between solar
modules and laboratory-scale cells. To address this, we propose a slot-die
coating strategy with pyrrodiazole additives in the perovskite precursor solu-
tion to simultaneously immobilize lead iodide and formamidinium iodide. This
approach enhances wet film stability by suppressing colloidal aggregation,
retards the crystal growth process, and ensures a consistent growth rate across
the films. These effects promote the formation of large, monolithic grains,
enabling large-area perovskite films with homogeneous structure, excellent
uniformity, and low defect density under ambient conditions. Using this
strategy, we achieved 10 cm x 10 cm inverted perovskite solar modules with a
certified efficiency of 20.3%, along with good working stability and excellent
application demonstration, showcasing its great potential for industrialization.

Formamidinium iodide (FAI)-based inverted perovskite solar cells
(IPSCs) have achieved great advancement in developing large-area
(>50 cm?) modules with power conversion efficiencies (PCEs) over
20%"%, marking a significant step toward commercialization. To fur-
ther advance scalable fabrication, transitioning the perovskite
deposition process from a glove box to ambient air is essential®*, as it
simplifies manufacturing and reduces costs for large-scale produc-
tion. Among various techniques, slot-die coating shows great
potential for upscaling due to its low material wastage, high uni-
formity, and compatibility with continuous industrial production’.
However, ambient humidity during slot-die coating accelerates
crystal growth and shortens the processing window®, leading to
small, randomly arranged grains instead of the large, monolithic
grains typically formed via spin-coating in a glove box. This results in
reduced film uniformity and increased defects, causing the PCE of
large-area inverted perovskite solar modules (IPSMs) to lag behind
their laboratory-scale counterparts'.

The primary challenge in achieving homogeneous structure of
large-sized, monolithic grains in air is extending the stability of the
perovskite precursor solution to ensure full film coverage. Solvent
engineering has proven effective in addressing this issue. Lewis base
solvents, such as N-methyl-2-pyrrolidinone®, diphenyl sulfoxide®, and
N, N’-dimethylpropyleneurea (DMPU)", interact with perovskite pre-
cursors to enhance solubility and nucleation energy, thus extending
the solution stability”. Then, for producing large perovskite grains,
slow crystal growth following fast nucleation is crucial™ . Accelerating
nucleation can be achieved by promoting the rapid supersaturation of
perovskite wet films, with techniques such as anti-solvent treatment'®,
gas-assisted deposition’, and vacuum flash-assisted solution process
(VASP)®° effectively removing solvents. To retard crystal growth,
forming Lewis acid-base adducts using monodentate or bidentate
ligands containing oxygen®?, sulphur®, and nitrogen® atoms as
coordinating sites has proven effective, primarily by forming com-
plexes or interphases with lead iodide (Pbl,).
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Additionally, the formation of a homogeneous structure is closely
related to the grain arrangement of perovskites. Recent studies have
demonstrated that the grain arrangement within perovskite film is
significantly influenced by the crystallization rates at the upper and
lower layers of wet films**°. When these rates are similar, larger, more
uniform, and monolithic grains are formed”. Zheng et al. further
demonstrated the significance of monitoring these rates using real-
time glow discharge-optical emission spectroscopy (GD-OES), a tech-
nique valuable for studying grain arrangement in large-area perovskite
films™.

Building on the discussion of nucleation, crystal growth, and the
role of solvents and additives in retarding crystallization to promote
larger grains, controlling the crystallization rates in the upper and
lower layers of perovskite wet films is equally critical, as it directly
affects grain growth and arrangement. However, changes in solvents
or additives also affect the size and distribution of perovskite colloidal
clusters, which subsequently influence the films’” morphology and
optoelectronic properties”. For example, agglomeration and uneven
size distribution of colloidal clusters can disrupt phase uniformity and
grain stacking, hindering the formation of homogeneous structured
films®., Therefore, a comprehensive understanding of how solvents
and additives impact both crystallization dynamics and colloidal size
distribution is essential. By optimizing these parameters, the uni-
formity and scalability of large-area perovskite films can be sig-
nificantly improved.

Inspired by this, we develop a simultaneous FAI and Pbl, immobi-
lization strategy using a pyrrodiazole (PZ) additive during the slot-die
coating to achieve the scalable fabrication of high-quality perovskite
films with homogeneous structure under ambient conditions. The
immobilization effect, driven by the formation of Lewis acid-base pairs
(PZ-Pbl,) and hydrogen bonds (PZ-FAI), not only improves the colloidal
size distribution uniformity in the perovskite precursor solution but also
enhances the stability of the wet film by inhibiting colloid agglomera-
tion. Real-time characterizations reveal that this approach not only
retards the crystal growth process but also ensures consistent crystal-
lization rates between the upper and lower layers of the perovskite film.
This facilitates the formation of large, monolithic grains with excellent
uniformity. Based on this approach, the resulting IPSMs possess an
impressive PCE of 21.5% (certified 20.3%), which ranks among the highest
certified PCEs reported for IPSMs with an aperture area >50 cm? (Sup-
plementary Table 1). Notably, encapsulated IPSMs retain 94% of their
initial efficiency after continuous light aging in air for 1000 h under a
relative humidity of 65%, and demonstrate a good practical application.

Results

Immobilization effect on colloidal uniformity

Commonly, the formation of a homogeneous perovskite film is closely
related to the state of the perovskite precursor. In perovskite pre-
cursor solutions, perovskite components exist as colloids stabilized by
an electrical double layer (EDL), formed through the attraction
between negatively charged iodoplumbate ions and surrounding
organic cations”. To address colloidal agglomeration and hetero-
geneity, we proposed an additive strategy to enhance EDL stability by
strengthening interactions between iodoplumbate ions and organic
cations. Triazole, a five-membered aromatic heterocyclic compound,
was selected due to its dual functionality®’: nitrogen atoms that donate
lone pairs of electrons to interact with Pb*" and an N-H group that
forms hydrogen bonds with FA*. These interactions hinder colloidal
agglomeration and improve solution homogeneity.

As shown in Fig, 1a, triazole exists in three isomeric forms-1H-1, 2,
4-triazole (pyrrodiazole, PZ), 1H-1, 2, 3-triazole (PZ-I), and 2H-1, 2,
4-triazole (PZ-I1), which differ in the positions of nitrogen atoms and
N-H groups, affecting properties such as proton dissociation ability*.
We systematically investigated the effects of these isomers on per-
ovskite components and colloidal stability. To gain deeper insights, we

began by simulating the interactions between the three additives and
Pbl, through electrostatic potential (ESP, Fig. 1a) analysis. The results
showed that all three additives exhibit strong electron-donating ability
at their nitrogen atoms (Supplementary Table 2), enabling the for-
mation of Lewis acid-base pairs with Pbl,*. To validate this, liquid-state
'H nuclear magnetic resonance (*H NMR) titration measurements were
performed*>**. As shown in Fig. 1b, the N-H proton peak of PZ (14.0
ppm) was sharper than those of PZ-1 and PZ-II, attributed to PZ’s sig-
nificantly higher pK, value (two orders of magnitude larger)®, indi-
cating that the N-H protons of PZ-1 and PZ-Il are more prone to
dissociation in polar solutions. Upon introducing Pbl,, the N-H peaks
of all three additives sharpened, confirming the formation of Lewis
acid-base pairs between Pb?* and the nitrogen atoms.

When mixed with FAl alone, the N-H peaks of the additives and FAI
shifted and converged into a single peak (Fig. 1b), indicating strong
hydrogen bonding interactions between the additives and FAI. This
confirms that all three additives have the ability to interact with both
Pbl, and FAI individually. To more rigorously confirm whether these
additives exhibit immobilization effect, we investigated their roles in
the presence of Pbl, and FAI. As shown in Fig. 1c, when Pbl, and FAI
were mixed, the N-H peak of FAI shifted to a lower chemical shift,
indicating an interaction between the two components. Notably, only
PZ caused the cleavage of the N-H proton peak of FAl in the presence of
Pbl,, whereas PZ-1 and PZ-Il induced only minor shifts. This demon-
strates that PZ estabilishes stronger interactions with both the per-
ovskite components®**, Furthermore, the flattened N-H peaks of PZ-I
and PZ-I in the mixed solution suggest their proton dissociation
behavior, which enhances solubility of the components but lacks the
immobilization effect observed with PZ.

Dynamic light scattering (DLS) was used to evaluate the effects of
the three additives on perovskite colloids. As shown in Fig. 1d, PZ
effectively prevented the formation of large colloids (>1000 nm),
ensuring that the host colloids are predominantly distributed within a
uniform small-size range (<10 nm). In contrast, PZ-1 and PZ-II caused
only slightly shift the size of large colloids toward smaller dimensions
while significantly increasing the proportion of large colloids (from 9%
to 12% or 13%), thereby disrupting size uniformity. This difference
arises from distinct mechanism (shown in Fig. le): PZ’s strong immo-
bilization effect stabilizes the EDL by effectively fixing cations around
iodoplumbate ions, reducing colloidal agglomeration and enhancing
size uniformity. In contrast, PZ-1 and PZ-ll, due to their significant
proton dissociation in perovskite solutions, neutralize the charges of
iodoplumbate ions and cations?, destabilizing the EDL and increasing
colloidal agglomeration irregularly. This destabilization renders PZ-I
and PZ-Il unsuitable for producing films with the homogeneous
structure required to achieve the high-performance IPSMs.

To validate these findings, 10 cm x 10 cm mini-IPSMs (11 cells in
serries, Supplementary Fig. 1a) were fabricated with an FTO/NiO,/Me-
4PACZ/perovskite/C4o/BCP/Cu structure (Supplementary Fig. 1b). For
IPSMs with an aperture area of 56.5 cm?, PZ improved module efficiency
from 18.2% to 21.5%, while PZ-1 and PZ-Il either had negligible effects
(17.9%) or reduced efficiency (17.0%) (Supplementary Fig. 2 and Sup-
plementary Table 3). These results confirm that PZ is the most effective
additive among the three isomers for the scalable fabrication of high-
performance IPSMs with homogeneous structural perovskite films.

Properties of homogeneous structural perovskite films

Buliding on the observed effects of PZ on colloidal stability, we
investigated its role in perovskite crystallization. As shown in Fig. 2a,
scalable preparation of FA-based perovskite films was achieved via a
three-step process in air: (1) slot-die coating to form a wet film (Process
1), (2) rapid solvent extraction using VASP to obtain a perovskite semi-
wet film (Process II), and thermal annealing to complete crystallization
(Process IlI). Top-view scanning electron microscopy (SEM) revealed
that PZ significantly increased grain size compared to the control
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Fig. 1| Immobilization effect of triazole additives in precursor solutions.

a Molecular structures and calculated ESP profile of triazole additives. b 'H NMR
spectra of triazole additives, FAI, triazole additives mixed with FAl, and triazole
additives mixed with Pbl,. ¢ 'H NMR spectra of FAl and Pbl,, and triazole additives

mixed with FAI and Pbl,. d DLS analysis of perovskite precursor solutions with
triazole additives. e Proposed mechanism illustrating the effects of triazole addi-
tives on perovskite colloids.

(Supplementary Fig. 3), reducing grain boundaries and improving film
quality. The optimal morphology was achieved at a PZ concentration
of 1.5 mg mL™, which was further validated by 1 cm? IPSC performance
measurements (Supplementary Fig. 4 and Supplementary Table 4).

To evaluate the effect of PZ on film uniformity, we performed
photoluminescence (PL) mapping measurements. As shown in Fig. 2b,
the PZ-treated film exhibited more uniform PL intensity compared to
the control film, demonstrating enhanced film uniformity. Cross-
sectional SEM measurements further revealed that PZ benefits the
formation of large, monolithic grain arrangement within the per-
ovskite film (Fig. 2c), confirming that PZ enables the preparation of
perovskite films with homogeneous structure. This obvious enhance-
ment is primarily attributed to the improved uniformity of colloid size
distribution in the precursor solution, as discussed earlier.

The homogeneity of the 10 cm x 10 cm perovskite films was eval-
uated. As shown in Supplementary Fig. 5, the PZ-treated film possessed
a uniform mirror-like black color, while the control film displayed a
highly heterogeneous apperance, indicating that PZ effectively
enhances the morphology uniformity of large-area perovskite films. To
further verify this, the 10 cm x 10 cm perovskite films were divided into
25 equal parts (Fig. 2d) and fabricated into IPSCs. Statistical analysis of
the PCE vaules for the 25 solar cells (Fig. 2e and Supplementary Fig. 6)
revealed that the PZ-modified cells exhibited a narrower PCE dis-
tribution compared to the control cells, demonstrating improved film
uniformity. Additionaly, the average PCE of the 25 cells increased from

19.00% to 22.30% with the introduction of PZ, which is attributed to the
enhanced performance of the homogeneous structural perovskite
films induced by PZ.

To study the effect of the homogeneous structure on the phase
uniformity of large-area perovskite films, PL measurements were
conducted on five selected regions (marked in black in Fig. 2d). The
testing method and device structure are detailed in Supplementary
Fig. 7. As shown in Fig. 2f, the control films exhibited strong dispersion
in both the position and intensity of PL peaks across the five regions,
particularly when tested from the back side, indicating non-uniform
film quality and phase distribution. In contrast, the PZ-treated films
showed significantly reduced dispersion in PL peak positions and
intensities, with notably enhanced PL intensities on the front side.
These results strongly proves that PZ not only passivates defects to
improve the film quality but also optimizes the phase distribution
uniformity of large-area perovskite films*?, attributed to the homo-
geneous structure induced by PZ. As a result, the PZ-modified
10 cm x 10 cm IPSMs achieved a champion PCE of 21.5%, with negli-
gible hysteresis and stable power output (Fig. 2g and Supplemen-
tary Fig. 8).

Insights into PZ-induced homogeneous structure in films

The morphology evolution of perovskite films is closely linked to their
crystallization process”~%. To understand in more detail the effect of
PZ on the crystallization process and the formation of homogeneous
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Fig. 2 | Formation of homogeneous structural perovskite films with PZ addi-
tive. a Schematic diagram for the large-scale fabrication process of perovskite
films. b PL mapping images of pervoskite films. Scalebars, 4 um. ¢ Cross-sectional
SEM images of pervoskite films. Scalebars, 1 um. d Schematic representation of the
10 cm x 10 cm perovskite films divided into 25 zones. e Statistic box plots of the

corresponding PCE parameters. Error bars are the standard deviation of PCE over
25 devices. The lines in the middle of the box plots indicate the median values. f PL
spectra of selected regions from the 10 cm x 10 cm perovskite film. g Current
density-voltage (J-V) and corresponding P-V curves of the 10 cm x 10 cm IPSM with
PZ (aperture area: 56.5 cm?).

structure, we performed a series of real-time characterizations to
analyze the crystallization kinetics across these process (Fig. 2a). In
Process I, the perovskite wet films were in solution state, and their
stability is crucial to the subsequent crystallization process®. To assess
the stability of the perovskite wet films, we monitored their evolution
in air using optical microscopy. As shown in Fig. 3a, the stability of wet
film with PZ showed a longer window (from 3 to 6 min), which is of
great benefit to the precision of the later process. This enhancement in
wet film stability by PZ is further confirmed through real-time
absorption measurements (Supplementary Fig. 9), primarily attrib-
uted to its ability to suppress large-sized colloid agglomeration
(Fig. 1d)*®.

In Process II, the solvent on the surface of the wet film will be
rapidly extracted to form a semi-wet film. To simulate this process, we
operated the wet films to high-speed spin-coating (standing for 30s;
spin-coating at 4000 rpm for 45 s; then standing for 30s) in air. The
resulting semi-wet films are shown in Supplementary Fig. 10a. After
annealing, it was observed that the film containing PZ showed a black
appearance and higher absorption intensity than the control film
(Supplementary Fig. 10b). These phenomena not only validate the
feasibility of the simulation method, but also demonstrate that PZ can
improve the film-forming quality of perovskites. Thus, we monitored
this simulation process using real-time PL spectroscopy to understand
the role of PZ during Process Il. By analyzing the characteristic 760 nm

PL peak in real-time results (Fig. 3b and Supplementary Fig. 11), we
found that the wet film with PZ exhibited a lower PL intensity during
spin-coating, whereas the control film showed a higher intensity. It can
be concluded that the perovskite wet film with PZ forms a lower
nucleation density during Process II'°. In Process llI, the semi-wet films
were annealed to complete of the crystallization process, which was
also monitored using real-time PL spectroscopy. By extracting the
intensity of the 760 nm PL peak (Fig. 3c and Supplementary Fig. 12), we
found that during the initial about 0.7 min of annealing, the PL inten-
sity dropped sharply due to the dissolution of surface nuclei caused by
solvent evaporation*’. Exceeding 0.7 min, the PL intensity was further
enhanced until it reaches a stable state, reflecting the transition from
surface recrystallization to crystallization completion*®. Compared to
the control sample (11.4 min), the PZ-treated films exhibited a longer
crystallization process (12.9 min), which is advantageous for the for-
mation of larger grains.

To further investigate the effect of PZ on the grain arrangement
and structural uniformity of perovskite films, we conducted GD-OES
measurements to monitor solvent evolution during Process IIl. For this
analysis, dimethyl sulfoxide (DMSO) was used as a replacement for
DMPU in the perovskite precursor solvent, with sulfur serving as the
tracking element. The feasibility of this substitution was verified by
comparing the crystallinity of perovskite films formed in both solvent
systems. As shown in Supplementary Fig. 13, the X-ray diffraction
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Fig. 3 | Formation mechanism of homogeneous structural perovskite films.

a Real-time monitoring of perovskite wet films morphology evolutions over time

with an optical microscope in air (RH ~ 65%, T ~ 25 °C). Scalebars, 200 um. b Real-
time PL intensity at 760 nm of perovskite wet films during high-speed spin-coating
in air, simulating the process of VASP. ¢ Real-time PL intensity at 760 nm of semi-
wet films during annealing in air. d Solvent evolution in the upper, lower, and whole
layers of control and PZ-treated perovskite precursor films, tracked by GD-OES.

e Proposed mechanism for scalable perovskite film preparation with homogeneous
structure, integrating solvent evolution, crystallization kinetics, and colloidal dis-
tribution. The schematic illustrates that when the crystallization rates of the upper
and lower layers of the wet films are more consistent, it is prone to form large,
monolithic grains. However, even with notable differences in crystallization rates, it
is still probabilistic to form such grain structures within a specific range.

(XRD) patterns of the films showed prominent peaks at 14.18° and
28.31°, corresponding to the (001), and (002) crystal planes of cubic-
phase FA-based perovskite, consistent with previous reports**,
Obviously, PZ enhanced the crystallinity of perovskite films in both
solvent systems, confirming that the solvent substitution had minimal
impact on PZ’s effects and validating monitoring approach. Compared
to the DMSO system, the DMPU solvent system produced films with
superior crystallinity, which is why the DMPU system was selected for
this study. Importantly, no peak shifts or additional diffraction peaks
were observed, confirming that PZ does not integrate into the per-
ovskite lattice. Given its high boiling point (>200 °C), it is inferred that
PZ resides at the grain boundaries and film surface after crystallization,
where it passivates defects and further improves film quality.

The solvent evalution during Process Il was monitored for semi-
wet films (Supplementary Fig. 14), revealing two distinct peaks in the
GD-OES curves that correspond to the upper and lower layers of the
wet film. According to Zheng et al**, the annealing of FA-based
perovskite wet films involve two primary stages: (1) rapid solvent

volatilization within 5s (Stage-1), and (2) subquent crystal growth
(Stage-2), which aligns with the trends observed in real-time PL mea-
surements. To evaluate the influence of PZ on the grain arrangement,
we integrated the area under the GD-OES curves during the Stage-2
(Fig. 3d). The results showed that PZ reduced the slope of the solvent
evolution curve across the whole wet film (from -0.179 to -0.173),
indicating that PZ slowed the perovskite crystal growth rate in whole
film. Further analysis of the slope difference between the upper and
lower layers of the wet film (Supplementary Table 5) revealled that PZ
reduced this difference (from 0.019 to 0.007), indicating that PZ
promoted a more uniform crystallization rate across the film.

By integrating the crystallization characterization results, and
colloidal size distribution data, we propose a mechanism for the PZ-
induced formation of perovskite films with homogeneous structure
(Fig. 3e). Firstly, PZ strongly immobilized with the compositions in the
precursor solution, preventing colloidal agglomeration. This avoids
the formation of large colloids with decreased nucleation energy, thus
enhancing the stability of the wet film and ensuring a uniform colloidal
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Fig. 4 | Photovoltaic performance. a Champion J-V curves of IPSCs with an active
area of 1 cm? b Mott-Schottky plots showing the V,; of IPSCs. ¢ Dependence of Vo
on light intensity for IPSCs. d Transient photovoltage (TPV) decay curves of IPSCs.

e MPPT of IPSMs under one-sun equivalent white LED illumination in air (T ~45°C,
RH ~ 65%).

Table 1| Photovoltaic parameter summary of IPSCs and IPSMs

Samples Area (cm?) Scanning direction Voc (V) Jsc (mA cm™) FF (%) PCE (%)
Control IPSC 1.0 (Active area) Reversed 1.07 24.42 77.35 20.21
Forward 1.02 24.62 73.04 18.40
With PZ IPSC Reversed 113 24.72 82.82 2313
Forward 112 24.75 81.92 22.70
With PZ IPSM 56.5 (Aperture area) Reversed 12.21 2.19 80.77 21.5
Forward 11.99 2.20 78.96 20.8

size distribution. Second, the reduction in large-sized colloids caused
by aggregation further decreased the nucleation sites in process II,
leading to a lower nucleation density in the semi-wet film. Finally, the
reduced nucleation density slowed down the crystal growth process in
process lll, decreased the overall crystallization rate, and ensures a
consistent crystallization rate across the films. This process ultimately
produces perovskite films with large, monolithic grain arrangement.

Effect of homogeneous structure on photovoltaic performance
To evaluate the impact of homogeneous structural perovskite films on
device performance, we analyzed the photovoltaic characteristics of
the optimal IPSCs. The champion J-V curves and corresponding per-
formance parameters for IPSCs are depicted in Fig. 4a and Table 1. The
PZ-modified device achieved an excellent PCE of 23.13%, with a short-
circuit current (Jsc) of 24.72mAcm??, fill factor (FF) of 82.82% and
open-circuit voltage (Voc) of 113V, significantly outperforming the
control device (PCE of 20.21%, Jsc of 24.42 mA cm™, FF of 77.35% and
Voc of 1.07 V). Notably, the PZ-modified IPSCs exhibited negligible
hysteresis. The external quantum efficiency (EQE) spectra (Supple-
mentary Fig. 15) confirmed that the Jsc values extracted from the J-V
curves, further validating the reliability of the measurements. These
results indicate that PZ primarily improves Voc and FF, with a similar
trend observed in IPSMs (Supplementary Table 3).

To explor the mechanism behind the enhanced device perfor-
mance, we characterized the defect density and charge carrier
dynamics within perovskite films. Space-charge-limited current (SCLC)
measurements (Supplementary Figs. 16 and 17) revealed significantly
lower trap densities in PZ-treated films (3.3 x10® cm™ for hole-only
device and 2.5 x 10" cm™ for electron-only device) compared to con-
trol samples (8.3x10%cm™ and 5.8 x10%cm™, respectively). The
reduction is attributed to the the homogeneous structure induced by
PZ. Time-resolved photoluminescence (TRPL) decay measurements
(Supplementary Fig. 18 and Supplementary Table 6) further confirmed
this, compared to the control film (7,,e =138.5 ns), the PZ-treated film
displaying an obviously longer carrier lifetime (7.ye = 356.6 ns). These
results demonstrate that PZ reduces defect density and enhances
charge carrier transport®. Then, capacitance-voltage (Mott-Schottky)
analysis was conducted to further clarify the impact of homogeneous
structure on the built-in potential (V;,;) of IPSCs. As shown in Fig. 4b,
the Vj,; of the device with PZ increased from 0.94 V (control) to 0.99 YV,
which enhances charge separation, transport, and photo-generated
carrier collection*!, contributing to the enhanced V.

Electrical impedance spectroscopy (EIS) provided additional
insights into the influence of PZ on carrier transport and recombination.
The device with PZ exhibited a reduced series resistance (Rs) of 3.9 Q
cm™ and an increased recombination resistance (Ryec) of 7.1kQ cm™
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compared to the control device (Rs=6.2Q cm?, Rec=55KQ cm™),
indicating improved carrier transport and suppressed recombination
losses (Supplementary Fig. 19 and Supplementary Table 7). The depen-
dency of Voc on light intensity (Fig. 4c) showed that the ideality factor of
the device with PZ decreased from 2.0 (control) to 1.4, approaching the
ideal value of 1, which demonstrates effective suppression of trap-
assisted charge recombination*®. Futhermore, the improved Vo decay
time from 1452.3 ns to 3699.2 ns also proves that the recombination is
strongly inhibited after introducing PZ additive (Fig. 4d and Supple-
mentary Table 8)".

To evaluate the impact of homogeneous structural perovskite
films on device stability, we first examined the humidity stability of
unencapsulated perovskite films. Perovskite films were kept in air at
~65% RH and 25 °C room temperature. As depicted in Supplementary
Fig. 20a, the control film bleached completely after 30 days, whereas
the PZ-treated film maintained its black color, demonstrating sig-
nificantly improved resistance to degradation. XRD analysis (Supple-
mentary Fig. 20b) confirmed that PZ suppressed phase transitions and
perovskite decomposition, attributed to hydrogen bonding between
PZ and FAI**, and improved film quality. As a result, IPSCs with PZ
retained over 90% of their initial PCE after 30 days of air storage
(Supplementary Fig. 20c¢).

The light stability of IPSMs was further evaluated using maximum
power point tracking (MPPT) under one-sun equivalent white-light LED
illumination in air atmosphere (T ~ 45 °C; RH ~ 65%). As shown in Fig. 4e,
the unencapsulated IPSM with PZ maintained ~80% of its inital PCE even
after 460 h, while the control IPSM decayed to a similar level within only
120 h. This remarkable improvement in light stability is mainly due to the
enhanced film quality induced by PZ. To access the practical application
potential of PZ-modified IPSMs, we encapsulated the modules and
conducted PCE certification at the National Institute of Measurement
and Testing Technology. Encouragingly, the encapsulated IPSM with PZ
achieved an excellent certified PCE of 20.3% and a Pp,ax of 1.15W (Sup-
plementary Fig. 21). Furthermore, the encapsulated IPSM maintained
94% of its inital efficiency after 1000 h of air aging, demonstrating a good
work stability (Fig. 4e). Finally, we successfully powered a 1W-rated fan
under outdoor sunlight (Supplementary Movie 1), showcasing a great
potential for practical outdoor applications.

Discussion

In this work, we systematically designed and investigated the immo-
bilization effect of the PZ additive, providing a comprehensive analysis
of its influence on precursor colloidal distribution, nucleation, and
crystallization processes. Through real-time characterization techni-
ques, we directly verified that the immobilization effect of PZ facil-
itates the formation of large, monolithic grains, enabling the formation
of homogeneous 10 cm x 10 cm FA-based perovskite films in air. As a
result, slot-die coated IPSCs and IPSMs achieved satisfying PCEs of
23.13% (active area of 1.0 cm?) and 21.5% (certified 20.3%; aperture area
of 56.5 cm?), ranking among the highest reported efficiencies for
IPSMs with an active area > 50 cm?. Furthermore, the working stability
of IPSMs was significantly enhanced. This study provides a promising
strategy for the industrial-scale production of large-area IPSMs, as well
as an effective guidance for large-scale commercialization of PSCs.

Methods

Materials

N, N-dimethylformamide (DMF), DMPU, 1H-1, 2, 4-triazole (PZ, 99%),
1H-1, 2, 3-triazole (PZ-1, 98%), and 2H-1, 2, 4-triazole (PZ-1I, 98%), and C¢o
were purchased from Sigma-Aldrich. Lead (Il) iodide (Pbl,, 99.99%),
Formamidinium iodide (FAI), methylammonium bromide (MABr),
Methylamine hydrochloride (MACI, 99%), Cesium iodide (Csl), bath-
ocuproine (BCP, >99%) and [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]
phosphonic acid (Me-4PACz) were purchased from Xi'an Polymer
Light Technology Corp.

Perovskite precursor solutions

We prepared the CSO.OS(MAO.OSFAO.QS)OBSPb(lO.9SBrO.OS)3 triple-cation
precursor solution (1.0M) by dissolving 12mg Csl, 155.3 mg FAlI,
35.7 mg MAPbBr3, 470 mg Pbl,, and 10 mg MACI in 1 mL mixed solvent
of DMF and DMPU (DMF: DMPU =9:1, vol%). The PZ was added into
perovskite precursor solution with different contents (from O to
2mgmL™? with a 0.5mgmL™ step). When preparing the perovskite
precursor solutions for PZ-1 and PZ-ll, the concentration of both
additives was optimized to 1.5 mgmL™.

Device fabrication

FTO/glass substrates (10 cm x 10 cm) were cleaned by ultra-sonication in
isopropanol, acetone and water for 20 min, respectively. Then, the
substrates were dried by nitrogen flow and treated by an ultraviolet for
10 min. NiOy layer (40 nm) was grown by RF sputtering on washed FTO
substrates at room temperature with a chamber pressure of 0.37 Pa, RF
power of 200 W, argon flow rate of 100 sccm for 40 min. The sputtered
NiO, film was annealed at 300 °C for 30 min under ambient conditions.
To passivate the defects at the interface between the perovskite film and
NiOx, we deposited Me-4PACZ film on the NiOy film surface by blade
coating in air”. The concentration of Me-4PACZ in isopropanol is
0.5 mgmL7, the scraping gap is 0.15 mm, and the speed is 60 mms™.
After that, the prepared perovskite precursor solution with different
concentrations of additives were deposited in air by slot-die coating
technology with a feed pump speed of 2L s™, a gap (between the slip
and substrate) of 0.25mm, and a substrate moving speed of 10 mms™.
Then, the wet films obtained from the slot-die coating were quickly
transferred to a vacuum container (placed in a vacuum of 2 Pa for 30 s)
for rapid solvent evaporation to obtain semi-wet films. After that, the
semi-wet films were heated at 100 °C for 30 min on a hotplate in air to
obtain dark perovskite films. After cooling down, 10 cm x 10 cm films
were evenly divided into 25 piecesa by a slicer, with each piece mea-
suring 2cm x 2 cm in size. After that, C¢o (20 nm), and BCP (7 nm) in
sequential order were thermally evaporated on the surface of the cut
film in a vacuum chamber (<5 %107 Pa). Finally, the Cu film (-100 nm)
was thermally evaporated as a counter electrode by a shadow mask to
define an active area of 1.0 cm?. The preparation of IPSMs and IPSCs is
basically same except for cutting the 10 cm x 10 cm films into 25 parts. It
is worth noting that P1, P2, and P3 scribing was used to fabricate series-
connected modules, where P1 and P3 were divided the module into sub-
cells, and P2 connected the sub-cells. Fristly, the red laser of 1064 nm
was used to scribe the 10 cm x 10 cm FTO substrate to form 11 strips (P1).
The NiOy layer, Me-4PACZ layer, perovskite film, C¢o (50 nm) film, and
BCP layer (7 nm) were prepared by the same method as listed above.
After that, the obtained perovskite/Cyo/BCP films were etched by a green
laser of 532nm (P2), and performed electrode edge cleaning (with a
width of 9 mm on both sides). Finally, the Cu film (-100 nm) was ther-
mally evaporated as a counter electrode, divided by green laser (P3) and
performed edge cleaning again (8 mm wide on each other side) for
device packaging. The aperture area was determined using a mask with a
defined area of 56.5 cm?, as shown in Supplementary Fig. 1a.

Module encapsulation process

EVA film is placed on both the metal electrode and glass side, and then
treated with thermal softening. The heating temperature is set to
90 °C, and the thermal pressing time is set to 15 min, which includes
vacuum for 1 min, bonding time for 4 min, and de-bubbling for 10 min.

Characterization

DLS measurements were performed by a MALVERN-Zetasizer Nano
S90 system. NMR spectroscopy for precursor was performed by using
a Bruker-Avance IlIl HD 400 MHz spectrometer. PL, PL mapping, and
TRPL spectra of the samples were measured using a Fluorolog-3
fluorescence spectrophotometer. A 510 nm laser with a full width at
half maximum of 1.5 nm was employed as the excitation light source.
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The PL decay curves were fitted using a double-exponential decay
model. All experimental details and data fitting procedures related to
the PL measurements are discussed in detail in the Supplementary
Information. SEM was conducted by a field-emission SEM (FEI-Inspect
F50, Holland). Real-time UV-vis absorption and real-time PL spectra
were recorded by a dynamic spectrometer (DU200). UV-vis absorp-
tion spectra were measured by an ultraviolet-visible (UV-vis) spec-
trophotometer (Shimadzu, UV-3101 PC). XRD measurements were
carried out using a Bede D1 system with Cu Ka radiation. GD-OES
analyses were performed using a HORIBA Jobin Yvon GD Profiler 2 with
Quantum Software. The instrument configuration included a RF-
generator (at 13.56 MHz), a standard HORIBA Jobin Yvon glow dis-
charge source with a cylindrical anode of 4 mm internal diameter and
two optical spectrometers (a polychromator and a monochromator)
for fast-optical detection. No loss in time resolution was ensured
thanks to the detection system, composed of independent photo-
multiplicators (PM), which guarantee simultaneous detection of the
signals corresponding to multiple wavelengths with spectral resolu-
tion of 12 pm. The emission signals of 47 elements were recorded but
only the signals of the species of interest are discussed in the paper.
The selected wavelength for Pb and S were 220.357 and 180.738 nm,
respectively. The J-V curves the solar cells and modules were measured
in air using a Keithley 2400 Source Meter under standard AM 1.5G
solar irradiation (100 mW cm™). The J-V characteristics of all the
devices were recorded over voltage ranges of 1.2 Vto-0.1Vand 13 V to
-0.1V, respectively, with 50 and 70 sweep points, and dwell times of
30 ms and 10 ms, respectively. For the SCLC test, the voltage scan
range was OV to 3V, with 90 sweep Points and a dwell time of 30 ms.
The EQE spectra of the IPSCs were measured by a QTest Station 500TI
system (Crowntech. Inc.,, USA), where the monochromatic light
intensity was calibrated using a reference silicon detector. The dark
capacitance curve was measured by Agilent 4294 A under dark con-
ditions, with varying DC biases with an AC frequency range of 10 Hz to
0.1 MHz. MPPT (ZN-SCT-SYSTEM) of the modules was measured in air
under one-sun equivalent white LED illumination (T: ~ 45 °C, RH: ~ 65%).

Simulation methods

The ESP and interaction energy of intermolecular are calculated by
Gauss 09 based on density functional theory. All the molecules were
optimized and converged, and no obvious imaginary frequencies
appeared. The calculation method is B3LYP and all electron double-§
valence basis sets of 6-311+G (d, p).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data are presented in the Supplementary Information/
Source Data file (Figshare https://doi.org/10.6084/m9.figshare.
26509918). Source data are provided with this paper.
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