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Halide insertion regulation for efficient and
stable wide-bandgap perovskite
photovoltaics

Zexin Song1,4, Ni Meng1,4, Yimeng Tian1,4, Jiwei Li1, Huiyang Ye1, Anming Mo1,
Changjiu Sun 1, Zhiqiang Li1, Shaopeng Yang1 & Tingwei He 1,2,3

Wide-bandgap (WBG) perovskite solar cells (PSCs) are employed for tandem
solar cells. Understanding the crystallizationmechanism ofmixed-halideWBG
perovskite will contribute to achieving the high-performance photovoltaics.
Herein, we demonstrate that the asynchronous halide insertion is accom-
panied by random crystal facets and orientations, restricting the efficient
carrier extraction. Guided by density functional theory calculations, we con-
struct a π-conjugated molecular wall structure using o-phenylenediamine
(OPD). Themolecular wall at the grain boundary induces templated perovskite
crystallization through the ortho-diamine group, enabling synchronous
[PbBr6]

4- and [PbI6]
4- halide insertion. The OPD-treated perovskite film exhibits

a preferred (100) facet and a highly vertical orientation. Benefited from the
improved carrier extraction, the resultingWBG PSC (1.69 eV) achieves a power
conversion efficiency of 24.13% (certified 23.43%), representing one of the
highest values among WBG PSCs. Meanwhile, the improved perovskite crystal
quality ensures the enhanced operational stability of the PSCs.

Wide-bandgap (WBG) perovskite materials show advantages for
employment as top cells in tandem solar cells (TSCs)1–4. Nevertheless,
WBGperovskite solar cells (PSCs) suffer from severe power conversion
efficiency (PCE) loss of more than 20%, which is significantly higher
than that of common formamidinium lead iodide (FAPbI3)-dominated
perovskite systems5,6. WBG perovskites are usually constructed with
mixed halides to achieve a tunable optical bandgap7, and bromine (Br)
contents above 20mol% are usually used8. Since Br possesses a smaller
ionic radius and lower solubility than iodine (I), Br and I halides exhibit
large differences in crystallization kinetics9. The crystallization beha-
vior of mixed-halide anions plays a crucial role in preparing high-
quality WBG perovskite films10. The differentiated crystallization
properties of halides can induce phase separation, residual lattice
strain, random facet orientation, etc.11–14, which restrict efficient carrier
extraction and crystal structure stability. Unfortunately, researchers

have not yet fully understood the crystallization mechanism of mixed-
halide perovskite films.

For conventional solution-processed methods, a large number of
perovskite grains crystallize unevenly during their independent
nucleation and growth processes, and thus spontaneously self-
assemble into various crystal facets and orientations15. The pre-
ferential crystallization of Br-based components has been widely
demonstrated in WBG perovskite systems10, and the subsequent
insertion of I components will restructure the unit cells to formmixed-
halide perovskite crystals. The asynchronous halide insertion will
exacerbate the randomness of crystal facets and orientations16. The
macroscopically disordered crystal arrangement induces defects such
as atomic dislocation and ion vacancies, resulting in reduced carrier
mobility and shortened carrier diffusion length17. Previous works have
reported some methods to control crystal orientation and halide
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distribution by molecular additives. Jiao et al. and Shi et al. are com-
mitted to achieving pure α phase in the FAPbI3 perovskite system18,19.
They introduce additives to achieve strong coordination forces with
the Pb-I skeleton, thereby inducing oriented crystallization of per-
ovskite films. Yan et al. achieves oriented nucleation of I-based Pb-Sn
perovskite by reducing the surface energy of the (100) plane20. Crystal
growth control of mixed-halideWBG perovskites is more difficult than
that of these pure I halide perovskite systems, due to the natural
asynchronous crystallization nucleation of I and Br components.
Although Li et al. achieve the synchronous phase transition of I-based
and Br-based components through intermediate phase regulation, this
phase transition at the annealing stage cannot achieve a homogeneous
mixed-halide perovskite phase with preferred crystal facets and
orientations11. Therefore, understanding the mixed-halide insertion
behaviors and achieving controllable halide insertion is the basis for
obtaining the WBG perovskite films with efficient carrier transport.

In-situ grazing-incidence wide-angle X-ray scattering (GIWAXS)
characterization is an important technique to reveal the evolution of
crystallographic information in perovskite films21. For perovskite films
with asynchronous insertion of halide components, experimental
results show that each crystal facet exhibits distinguishable structural
evolution characteristics. Combined with density functional theory
(DFT) analysis, it is found that the post-crystallization I component
prefers to be inserted along the (100) facet when entering the per-
ovskite lattice. Unfortunately, this directed insertion of the I compo-
nent does not improve the diversity of crystal facets and orientations.
Inspired by the tendency of the I component to be inserted along the
(100) facet, we envision realizing the synchronous halide (I and Br)
insertion along the (100) facet. Considering that the strong interaction
of functionalized π-conjugated molecules can build a molecular wall
structure, the aminegroups exposedon the same sideof themolecular
wall can serve as nucleation sites for perovskite crystallization along
the (100) facet. It is expected to achieve synchronous halide insertion,
thus obtaining preferred crystal facets and orientations.

Guided by DFT calculations, the π-conjugated ortho-diamine
cation, o-phenylenediamine (OPD), is identified as an ideal candidate
for building a robustmolecular wall and regulating halide insertion. As
expected, the ortho-diamine groups of OPD molecules show the
strongest interactionwith the (100) facet of the perovskite crystal, and
almost the same binding energy exists between OPD molecules and
[PbX6]

4- octahedra ([PbBr6]
4- and [PbI6]

4-). The templated crystal-
lization induced by the OPD-constructed molecular wall ensures the
synchronous insertion of mixed-halide components, forming a pre-
ferred (100) facet and an orientation perpendicular to the substrate.
The resulting perovskite films exhibit reduced defects and prolonged
carrier diffusion length, guaranteeing efficient carrier extraction and
suppressed nonradiative recombination. As a result, the OPD-treated
WBG PSC (1.69 eV) achieves a PCE of 24.13% (certified 23.43%), repre-
senting one of the highest PCEs among WBG PSCs. Based on a semi-
transparent (ST) PSC, the resulting four-terminal (4T) perovskite/
copper indium gallium selenide (CIGS) tandem solar cell (TSC)
achieves a PCE of 29.34%. Benefiting from the highly vertical crystal
orientation and the stable perovskite structure, the encapsulatedWBG
PSC still maintains more than 90% of the initial PCE after maximum
power point tracking (MPPT) for 800h under the ISOS-L-1 testing
protocol.

Results
Crystallographic evolution mechanism of asynchronous halide
insertion
To investigate the crystallographic evolution of WBG perovskite films,
we perform in-situ GIWAXS characterization of
FA0.8MA0.1Cs0.1Pb(I0.8Br0.2)3 film at the spin-coating stage (Fig.1a)21. As
the antisolvent drips, three common perovskite characteristic crystal
facets gradually appear, including (100), (110), and (111) facets. The q-

value variation corresponding to each facet is extracted (Fig.1b, Sup-
plementary Table 1), and all crystal facets exhibit decreased q values. It
is noteworthy that a significant q-value decrease (Δq, −0.115 nm−1) from
10.150 nm−1 to 10.035 nm−1 is observed on the (100) facet, compared
with that on the (110) facet (−0.038 nm−1) and (111) facet (−0.042 nm−1).
According to the Bragg equation, a reduced q value means an
increased interplanar spacing (d)22. Moreover, almost at the same time
as the q-value decreases, all the crystal facets showcompletely random
orientation (Fig.1c). It is not until 30 s that the perovskite film gradually
self-assembles to form a partial orientation trend (Supplementary
Fig. 1). Nevertheless, even though the crystallinity is enhanced after
annealing, the control film still exhibits random crystal orientation
(Fig.1d). To exclude the influence of solvent on perovskite nucleation
and orientation, we introduce a common solvent, N-methyl-2-
pyrrolidone (NMP), into the perovskite precursor solution, resulting
a mixed solvent system (25 V% of NMP). As shown in the GIWAXS
patterns (Supplementary Fig. 2), the control sample still exhibit ran-
dom crystal facets and orientations after NMP solvent introduction.

Such lattice evolution is usually accompanied by asynchronous
crystallization of halides in perovskite films. Asynchronous crystal-
lization of mixed halides has been reported, and preferential crystal-
lization of Br components has been demonstrated9,10. We thus
speculate that the q-value decrease is caused by the post-
crystallization I ion insertion. As shown in the in-situ GIWAXS data,
the (100) facet exhibits a larger change in q value compared to the
other two facets, which may be related to the way I components are
inserted into the perovskite lattice. Therefore, we perform DFT cal-
culations to simulate themechanismof asynchronous halide insertion.
For perovskite crystals with a cubic ABX3 structure, the atomic layer
arrangement shown on the (100) facet is …AX-BX2-AX-BX2

…. The
atomic arrangements corresponding to the (110) and (111) facets are
…X2-ABX-X2-ABX

… and …AX3-B-AX3-B
…, respectively23. We attempt to

insert I element into the ABBr3 lattice along the (100) facet, and the
intervening Br ion layers are replaced by I ion layers. As shown in
Fig. 1e, the atomic arrangement after I ion insertion is shown on the
AX(100), ABX(110), and AX3(111) terminations, respectively24. Changes
in the interplanar spacing (Δd) of the (100), (110), and (111) facets can
be obtained, which are 0.19 Å, 0.03 Å, and 0.02 Å, respectively. Theo-
retical simulation results for the I element insertion along the (100)
facet show the same trend as the in-situ GIWAXS results. The (100)
facet exhibits a sharp interplanar spacing change compared to the
other two crystal facets due to the post-crystallization I ion insertion.

To further confirm whether the specific I ion insertion direction
determines the above-mentioned change in interplanar spacing, we
also simulate a random I ion insertion model. As shown in Supple-
mentary Fig. 3, 80% of the Br atoms are randomly replaced by I atoms
at the X sites of each crystal facets, which results a APb(Br0.2I0.8)3
crystal structure. According to the DFT calculation results, almost the
same Δd variation is observed at all three crystal facets, which is
inconsistent with the in-situ GIWAXS experiments. Therefore, we
conclude that the post-crystallization I ion insertion direction shows a
preference for the (100) facet. This asynchronous halide insertion is
accompanied by random crystal facets and orientations, which are
undoubtedly detrimental to efficient carrier extraction. Considering
the crystal facets’ selectivity of halide insertion and the dominance of
the (100) facet, we are committed to inducing synchronous halide
insertion, obtaining a preferred (100) facet and a perpendicular crystal
orientation19.

Crystallographic modulation of synchronous halide insertion
Wepropose to construct a functionalizedπ-conjugatedmolecularwall
structure to induce the synchronousmixed-halide insertion (Fig. 2a). It
has been demonstrated that large-sized amine cations can effectively
anchor the [PbX6]

4- octahedron20. We therefore design a series of
benzene-based monoamine and diamine cations, namely aniline (AD),

Article https://doi.org/10.1038/s41467-025-66970-8

Nature Communications |          (2026) 17:288 2

www.nature.com/naturecommunications


o-phenylenediamine (OPD), m-phenylenediamine (MPD), and
p-phenylenediamine (PPD). Strong intermolecular π-π stacking is
crucial for constructing a stable molecular structure25. We simulate
three stacking models of π-conjugated molecules using DFT calcula-
tions, including parallel (0°), perpendicular (90°), and antiparallel
(180°)26. All four molecules exhibit close intermolecular forces in both
the perpendicular and antiparallel models, as well asmonoamines and
diamines (Fig. 2b). In the parallel stacking model, the intermolecular
force of the OPD is 2–20 times that of the other three molecules
(Supplementary Fig. 4). Moreover, the parallel stacking model of OPD
exhibits a larger binding energy (0.163 eV) between molecules, com-
pared with their perpendicular stacking model (0.081 eV) and anti-
parallel stacking model (0.073 eV) (Fig. 2c). In contrast, the AD with
monoamines exhibits close and weak π-π interaction force in both
perpendicular and antiparallel modes, making it difficult to form
aligned molecular wall. Therefore, the parallel stacking of OPD should
be the most stable structure, and OPD with ortho-diamine exhibits
advantages in constructing a stable molecular wall structure.

This parallel stacking allows all ortho-diamine groups to be loca-
ted on the same side of the molecular wall structure. The OPD also
exhibits the largest electrostatic potential (ESP) distribution in the
ortho-diamine region compared to the other three molecules, driving
the perovskite nucleation (Fig. 2d). Since a large number of ortho-
diamine groups are exposed on the same side, the increased

nucleation sites and the strong electrostatic potential guarantee the
templated crystallization. In general, halide components are present in
the form of [PbX6]

4- octahedra in the perovskite precursor solution
before the perovskite crystals are formed. The binding energy between
OPD molecules and [PbX6]

4- octahedra is crucial for controlling the
crystallization kinetics of perovskites. To evaluate whether the OPD-
constructed molecular wall is selective for the crystal facet of per-
ovskite nucleation, we employ DFT calculations to simulate the bind-
ing energy between OPD cations and [PbI6]

4- octahedra of different
perovskite crystal facets (Fig. 2e, Supplementary Figs. 5–7). As shown,
the maximum binding energy (1.20 eV) is observed at the (100) face
than at the (110) facet (0.94 eV) and (111) facet (1.06 eV). Moreover, the
binding energies for OPD with [PbBr6]

4- at the (110) and (111) facets are
lower than that at the (100) facet. This provides a theoretical basis for
the OPD-constructed molecular wall to induce a preferred (100)
facet18. More importantly, OPD cation exhibits similar binding energies
with both [PbI6]

4- and [PbBr6]
4- octahedra, suggesting that the syn-

chronous insertion of I and Br halides is possible during the templated
crystallization process.

We then monitor the crystallization dynamics of OPD molecular
wall-induced mixed-halide WBG perovskite films through in-situ
GIWAXS characterization (Fig. 2f, j). All perovskite films transform
directly from the solvent phase to the perovskite phase, and no addi-
tional transitional phase is observed (Supplementary Fig. 8). As shown
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in the extracted q-value evolution, the (100) facet of the AD-treated
film still exhibits a large q-value decrease from 10.112 nm−1 to
10.058 nm−1 (Fig. 2g). This may be because the monoamine molecules
cannot exert strong forces to induce the simultaneous insertion of
halides and templated crystallization of the perovskite film. Therefore,
the preferred (100) facet and vertical crystal orientation are not fully
achieved (Fig. 2h, i). Due to the indiscriminate anchoring of [PbBr6]

4-

and [PbI6]
4-halides by the stable molecular wall structure, the OPD-

treatedperovskite film exhibits great potential to achieve synchronous
halide insertion. TheOPD-treated film also exhibits the fastest increase
in GIWAXS signal intensity for the (100) facet (Fig. 2k), implying that
the nucleation sites provided by the ortho-diamine accelerate the
crystallization rate of the perovskite film27. The same conclusion can
also be obtained from in-situ laser scanning confocal microscopy
(LSCM) images (Supplementary Fig. 9). As expected, the resulting film
obtains nearly constant q values (10.088 nm−1) for the (100) facet.
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Within a very short time (1 s) after the antisolvent is added, the pre-
ferred (100) facet and the crystals perpendicular to the substrate are
formed (Fig. 2l Supplementary Fig. 10). We also monitor the GIWAXS
evolutionof thefilms at the annealing stage (SupplementaryFig. 11). All
films exhibit nearly constant q values on all facets, which suggests that
the halide insertion-induced perovskite crystal structure is formed at
the spin-coating stage.

To further substantiate the synergistic halide insertion, we mea-
sure in-situ UV-Vis absorption spectra of perovskite films at the spin-
coating stage. As shown in Supplementary Fig. 12, the absorption edge
of the control perovskite film gradually red-shifts with the addition of
antisolvent, indicating that the Br-rich component is formed pre-
ferentially, and the subsequent I insertion narrows the bandgap.
Although the AD-treated film accelerates the red shift of the absorp-
tion edge, subsequent I halide insertion still exists and synchronous
halide insertion cannot be successfully achieved. In contrast, the OPD-
treated film exhibits a constant absorption edge almost immediately
after the antisolvent is added. This constant bandgap also implies the
simultaneoushalide insertion,which is consistentwith the results of in-
situ GIWAXS characterization. As a result, the strong vertical orienta-
tion of (100) facet is dominant in theOPD-treated film (Supplementary
Fig. 13). After OPD treatmentwith the optimal concentration of 1.0mol
% (Supplementary Fig. 14), the perovskite film shows the preferred
(100) facet and the vertical crystal orientation (Fig. 2m).We extract the
GIWAXS signal of the perovskite films on the (100) facet, and perform
deconvolution of the GIWAXS peaks (Supplementary Fig. 15). Control
and AD-treated samples exhibit additional fitting peak components
near the main peak of (100) facet. This may be related to the inho-
mogeneousWBGperovskite phase. In contrast, a single (100) peak and
the smallest fullwidth at halfmaximum (FWHM) value canbeobserved
in the OPD-treated films. The narrow FWHMof the (100) peak can also
rule out contributions from grain size variation (Supplementary
Fig. 16), indicating that the synchronized halide insertion leads to a
high-quality homogeneous WBG perovskite phase.

We then perform the depth-profiling X-ray photoelectron spectro-
scopy (XPS), to investigate the halogen element distribution in the
resulting perovskite films. As displayed in XPS spectra of I and Br ele-
ments (Supplementary Fig. 17), the signal of the Br element in the control
film gradually decreases as the etching depth increases, while the signal
of the I element gradually increases. The Br-rich component formed first
on the surface is distributed on the top of the perovskite film, while the
I-rich phase formed later is distributed on the bottom. Due to the
accelerated crystallization rate, the inhomogeneous halide distribution in
the AD-treated film is alleviated to a certain extent, but it is still not
negligible. In contrast, the OPD-treated film exhibited an almost homo-
geneous halide distribution from top to bottom. The same conclusion
can be obtained from EDS spectra of the cross-sectional PSCs (Supple-
mentary Fig. 18). The XPS peak at 291 eV shows that π-conjugated OPD
molecules exist in the OPD-treated perovskite film28,29 (Supplementary
Fig. 19). The signal gradually disappears with the increase of etching
depth (Supplementary Fig. 20), which indicates that the OPD molecules
are mainly concentrated in the top region of the perovskite film. The
OPD molecular wall located on the top film will induce top-down tem-
plated crystallization of the perovskite film (Fig. 2a). The OPD molecular
wall can also be demonstrated by the anisotropic GIWAXS pattern of
OPD-treated perovskite film (Fig. 2m). The π-π interactions signal is
observed at 15.3 nm−1, which corresponds to the distance (4.1 Å) between
OPD molecules in the stacked structure (Supplementary Fig. 21). The
OPD molecular wall structure at the grain boundary will form a strong
interaction with the perovskite precursor through the ortho-diamine
group on the same side, as confirmed by Fourier transform infrared
(FTIR) spectra and XPS spectra (Supplementary Figs. 22–25). This strong
anchoring effect determines synchronous halide insertion and templated
crystallization. Therefore, the resulting preferred (100) facet and highly
vertical crystal orientation will ensure efficient carrier extraction.

Efficient carrier extraction of perovskite films
According to the atomic force microscopy (AFM) images, we can
obtain distinguishable grain boundaries of the perovskite films (Sup-
plementary Fig. 26). Low surface roughness is observed in the OPD-
treated films, and the smooth surface morphology may be related to
the preferred (100) facet and highly vertical orientation. As shown in
Fig. 3a–c, height and the contact potential difference (VCPD) line-scan
spectra are extracted from the region marked with horizontal lines in
AFM and Kelvin probe force microscopy (KPFM) images. Combined
with AFM images, we can detect surface electrical information at the
perovskite grain interior (GI). Controlfilm exhibits nonuniformsurface
potential at GIs, resulting in a large VCPD difference (ΔVCPD, GI) of
101mV. TheΔVCPD, GI (71mV) of the AD-treated film is reduced, and the
OPD-treated film shows the smallest ΔVCPD, GI (48mV). Moreover, the
lowest average surface potential can also be observed in the OPD-
treated film compared to the control and AD-treated samples. The
reduced and uniform VCPD at GIs may be attributed to the preferred
(100) facets, and similar results have been obtained inprevious work30.
In general, a low surface potentialmeans a lowwork function, resulting
in a Fermi level closer to the conduction band, which will be more
conducive to electron extraction31.

We perform confocal fluorescence microscopy (TCFM) mapping
on perovskite films with an electron transport layer (ETL) to evaluate
the electron extraction capability (Fig. 3d–f). As expected, the lowest
photoluminescence (PL) signal intensity is evenly distributed in the
OPD-treated film compared to the control and AD-treated films. The
reduced PL intensity can also be observed in the steady-state PL
spectrum of OPD-treated film (Supplementary Fig. 27)32. Similarly, for
the perovskite films with hole transport layer (HTL), the OPD-treated
sample exhibits the lowest PL intensity compared to control and AD-
treated samples (Supplementary Fig. 28). Considering that defect-
induced carrier recombination in the perovskite film may also lead to
the reduced PL intensity, we also measure the TCFM mapping of the
bare perovskite film. The strongest PL intensity and longest PL lifetime
are exhibited on the OPD-treated film (Supplementary Fig. 29), indi-
cating the lowest defect-induced carrier recombination. The defect
states (tDOS) of perovskite films can be measured by thermal admit-
tance spectroscopy (TAS)33. The density of defect states (tDOS) of the
OPD-treated film is nearly an order ofmagnitude lower than that of the
control film (Fig. 3g). Therefore, we can conclude that the reduced PL
intensity in the perovskite/ETL and perovskite/HTL samples should be
attributed to the efficient charge extraction, while excluding the
defect-induced carrier recombination. Efficient and uniform carrier
extraction is benefited from the preferred (100) facet and highly ver-
tical orientation.

We further evaluate the crystalline quality and carrier transport
behavior of the perovskite films. The space-charge-limited current
(SCLC) model with electron-only device is often used to extract trap
density (Nt) and carriermobility (μ) in perovskite films (Supplementary
Fig. 30). Asdisplayed inFig. 3h,OPD-treatedfilms show the lowestNt of
2.31 × 1015cm−3, compared to control (1.04 × 1016cm−3) and AD-treated
films (3.02 × 1015cm−3). This is consistent with the conclusion obtained
from the TAS results. Moreover, an increased μ of 1.77 × 10−3cm2V−1 S−1

is obtained in the OPD-treated sample, which is tens of times higher
than that of the control (7.21 × 10−5cm2V−1 S−1) and AD-treated samples
(7.48 × 10−4cm2V−1 S−1). Lowdefects and high carriermobility should be
beneficial to prolonging the carrier diffusion length (LD). An approx-
imation of the LD can be estimated by the following equation34:

LD � 2d
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
τ2

τ2,quench
� 1

 !

v

u

u

t ð1Þ

Where d is the perovskite film thickness, τ2 and τ2,quench is the bimo-
lecular recombination lifetime of the perovskite film with and without
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a charge transport layer, respectively. The LD-e and LD-h are the
diffusion lengths of electrons andholes,which canbe calculated by the
time-resolved PL (TRPL) decay (Supplementary Fig. 31)35. As expected,
the OPD-treated film exhibits enhanced carrier diffusion capabilities
for both electrons and holes, specifically, LD-e increased from 389 nm
to 648 nm, and LD-h increased from 299 nm to 687nm (Fig. 3i). The
prolonged carrier diffusion length can facilitate the carrier extraction
from the perovskite layer to the charge transport layer. Moreover, LD-e
close to LD-h also ensure balanced charge extraction for electrons and
holes, which is beneficial for achieving high-performance WBG PSCs.

Improved performances and stability of WBG PSCs
We further analyze the carrier transport characteristics at the device
level. According to the Mott-Schottky equation, the built-in potential
(Vbi) can be extracted from the capacitance-voltage (C-V) curves of
PSCs (Fig. 4a). The OPD-treated device shows a higher Vbi (1.01 V) than
the control and AP-treated devices (0.89 V and 0.95 V). The strong
built-in electric field will drive the efficient separation of electrons and

holes. To evaluate the carrier recombination behavior in the PSCs, we
measure the current density-voltage (J-V) curves of PSCs under dark
conditions. As shown in Fig. 4b, the OPD-treated device exhibits the
lowest reverse saturation current density (J0) (3.30 × 10−8 mA cm−2). A
low J0 means that leakage current caused by carrier recombination is
effectively suppressed. The results of electrochemical impedance
spectroscopy (EIS) also support the same conclusion (Supplementary
Fig. 32), and the charge recombination resistance (Rrec) of the device
treated with OPD is increased from 811Ω to 2526Ω. The ideality factor
(n) is usually used to quantitatively measure the carrier recombination
of PSCs. It can be obtained from the light intensity-dependent VOC
relationship by fitting the slope (Fig. 4c). The n value (1.53) closes to 1
indicates that free-carrier-induced radiative recombination is domi-
nant in the OPD-treated device, and thus defect-induced non-radiative
recombination is reduced.

Suppressed non-radiative recombination is generally accom-
paniedby reducedVOC losses in PSCs.When a solar cell is operated as a
light-emitting diode, the VOC loss of the device can be calculated using
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the electroluminescence external quantum efficiency (EQEEL). When
the injected current density is approximate to the short-circuit current
density (JSC) under 1-sun illumination, the corresponding EQEEL values
canbeused to evaluate theVOC loss of PSCs (Fig. 4d). ThepotentialVOC
of PSCs can be obtained by the previously reported equation as
follows:36,

VOC � VOC, rad +
kT
e

lnðEQEELÞ ð2Þ

where VOC,rad, k, T, and e are the radiative limit of VOC, Boltzmann’s
constant, thermodynamic temperature, and elementary charge. The
second term in the equation represents the VOC loss induced by non-
radiative recombination. The OPD-treated device achieves an EQEEL of
0.78%, and thus a VOC loss of 0.126 V could be obtained. According to
the Shockley-Queisser (S-Q) limit theory37, the perovskite with
bandgap of 1.69 eV corresponds to theoretical radiative limit VOC of

1.400V. Therefore, a potential VOC of 1.274 V should be obtained in the
OPD-treated devices.

Solar cell capacitance simulator (SCAPS−1D) is a professional one-
dimensional simulation tool for solar cells38. It is often used to simulate
and analyze key physical phenomena within solar cells, such as charge
transport and carrier recombination. This can guide optimizing device
structure design and improving device performance. Based on the
preferred (100) facet and highly vertical orientation, the improved
perovskite material properties are employed in SCAPS simulations
(Fig.4e, Supplementary Table 2). As a result, the OPD-treated PSC
achieves a high PCE of 24.60%, with a VOC of 1.275 V. Guided by SCAPS
simulation, we fabricate 1.69 eV-bandgap PSCs with an inverted device
structure of ITO/NiOx/SAM/Perovskite/ PEAI/C60/BCP/Ag. The opti-
mized OPD-treated PSC with negligible hysteresis exhibits an
improved PCE from 21.12% to 24.13% (Supplementary Figs. 33, 34),
which is accompanied by a high fill factor (FF) of 83.78% and JSC of
22.72mA cm−2 (Fig. 4f). The resulting PCE of reaches 82.8% of the
Shockley-Queisser (S-Q) limit, which represents one of the highest
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PCEs among all WBG PSCs (Fig. 4g, Supplementary Table 3). The
resulting device exhibits reproducibility (Supplementary Fig. 35),
demonstrating the reliability of the synchronous halide insertion
strategy. The external quantum efficiency (EQE) spectra of PSC are
used to evaluate the efficiency of utilizing light of different wave-
lengths, which is closely related to the transmittance of ITO glass and
the reflectance ofperovskitefilms (Supplementary Figs. 36, 37). The JSC
extracted from the EQE spectrum is also close to that obtained from
the J-V curve (Supplementary Fig. 38). The bandgap of the perovskite
can be also determined to be 1.69 eV according to the slope of the EQE
absorption edge39 (Supplementary Fig. 39). It is worth noting that a
highVOCof 1.274 V is obtained in theOPD-treatedPSC,which is close to
the EQEEL prediction and SCAPS simulation results.

We then measure the champion device at the National Measure-
ment and Test Centre for Photovoltaic Industry (Fujian Institute of
Metrology and Science). The OPD-treated PSC achieves a certified PCE
of 23.42% under reverse scan conditions (Supplementary Fig. 40).
Moreover, the resulting device exhibits power output characteristics
under MPPT conditions, achieving a steady-state PCE of 23.80% (cer-
tified 23.28%) (Fig. 4h, Supplementary Fig. 41). Furthermore, we
increase the Br content of the perovskite film to 30mol%, obtaining a
PSCwith bandgap of 1.75 eV. The resulting OPD-treated PSC achieves a
PCE of 20.45% (Supplementary Fig. 42). This demonstrates that the use
of ODP to direct templated crystallization via a molecular wall is gen-
eralizable for mixed-halideWBG PSCs. Benefited from the high-quality
perovskite film and the carrier transport properties, the OPD-treated
ST WBG PSC (1.69 eV) also achieves a PCE of 22.28%. Integrated with a
narrow-bandgap CIGS solar cell, the resulting 4T Perovskite/CIGS TSC
achieves a PCE of 29.34% (Fig. 4i, Supplementary Table 4).

The crystal structure stability of perovskite films is crucial to
achieving robust operational stability of photovoltaics40. We perform
accelerated aging experiments on perovskite films at 65 °C and 45%
relative humidity (RH), investigating the crystallographic evolution by
in-situ GIWAXS characterization. As shown in Fig. 5a, a recognizable
lead iodide (PbI2) signal quickly appears in the control film, indicating
the decomposition of the perovskite film. AD treatment can suppress
the decomposition of the perovskite film to a certain extent, but the
PbI2 signal still appears in the film after 25 h. In contrast, the OPD-
treated film exhibits a constant perovskite phase with negligible
decomposition even after 100 h. The decomposition of the perovskite
film is also reflected in the crystal orientation evolution as displayed
in Fig. 5b. The crystal orientation of the control sample and AD-treated
films is destroyed at 25 h and 60h, respectively. The OPD-treated
film still maintains well-defined orientation on the preferred
(100) facet.

We evaluate the light stability of perovskite films under con-
tinuous 1-sun illumination by in-situ PLmeasurements (Fig. 5c). Rapidly
decreasing PL signals occur in the control and AD-treated films, while
the OPD-treated film exhibits a constant PL intensity after 400h. We
alsomonitor the stability of theperovskitefilms under electricfields by
EL spectra at various bias conditions (Fig. 5d). Control and AD-treated
films exhibit a split EL peak at a bias of ~3.5 V, implying that the ion
migration-induced phase separation is amplified under a strong elec-
tric field. In contrast, the OPD-treated film still maintains a stable
perovskite crystal structure, and its EL peak remains constant even
under a bias of 5 V. Based on the preferred facet and the vertical
orientation, the stability of the perovskite films and the resulting PSCs
is significantly improved. The OPD-treated PSC exhibits improved
long-term stability under continuous 1-sun illumination conditions
(Fig. 5e). According to the ISOS-L-1 test standard, we monitor the PCE
evolution of the encapsulated devices under MPPT conditions41. The
OPD-treated device still maintains 90% of the initial PCE (T90) formore
than 800 h, while the control and AD-treated devices quickly decay to
40% and 66% of their initial PCE in a very short time. Meanwhile, we
monitor the PCE evolution of the encapsulated PSCs under the

conditions of damp heat at 85 °C and 45% RH according to ISOS-D-2
protocol (Supplementary Fig. 43). The OPD-treated device still main-
tains 90% of its initial PCE after 800h, while the control device and the
AD-treated device only maintains 50% and 75% of their initial PCE. We
further strictly implement the stability test conditions of PSCs at 85 °C
and 85% RH according to ISOS-D-3 protocol. The OPD-treated device
still maintains 88% of its initial PCE after 600h, and the improved
device stability is attributed to the enhanced perovskite crystal quality
due to the OPD treatment.

Discussion
In summary, we demonstrate efficient and stable mixed-halide WBG
perovskite photovoltaics by applying a halide insertion management
strategy. Based on a comprehensive analysis of in-situ GIWAXS mon-
itoring and DFT calculations, we have demonstrated that asynchro-
nous halide insertion is accompanied by random crystal facets and
orientations, which are detrimental to carrier extraction. Guided by
DFT calculations, we design functionalized amine cations to construct
a π-conjugated molecular wall structure. The ortho-diamine groups
exposed on the same side of the molecular wall can anchor halides
uniformly, enabling their synchronous halide insertion. The OPD-
treated perovskite film exhibits a preferred (100) facet and a vertical
crystal orientation. Benefited from the improved carrier extraction
characteristics, the OPD-treated WBG PSC (1.69 eV) achieves a PCE of
24.13% (certified 23.43%), representing one of the highest PCEs among
WBG PSCs. The encapsulated WBG PSC still maintains more than 90%
of the initial PCE after MPPT for 800 h under the ISOS-L-1 testing
protocol. This work provides an alternative strategy for the crystal-
lization regulation of mixed-halide WBG perovskite, promoting the
development of efficient WBG PSCs and TSCs.

Methods
Materials
Indium tin oxide (ITO) glass, [(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]
phosphonic acid (MeO-2PACz, 98.0%), [4-(3,6-dimethyl-9H-carbazol-9-
yl)butyl] phosphonic acid (Me-4PACz, 99.0%), PbI2 (99.9%), lead bro-
mide (PbBr2, 99.9%), formamidinium iodide (FAI, 99.5%), methy-
lammonium bromide (MABr, 99.5%), cesium iodide (CsI, 99.99%),
2-phenylethylamine hydroiodide (PEAI, 99.5%), fullerene-C60 (C60,
99%), tin oxide (SnO2, 99.5%), aniline hydrochloride (ADCl,
99.4%), o-phenylenediamine hydrochloride (OPDCl, 99%),
m-phenylenediamine hydrochloride (MPDCl, 99%), and
p-phenylenediamine hydrochloride (PPDCl, 99%) were purchased
from Advanced Election Technology Co. Bathocuproine (BCP, 99%)
was obtained fromXi’anYuri Solar Co. N, N-dimethylformamide (DMF,
99.9%), dimethyl sulfoxide anhydrous (DMSO, 99.9%), N-methyl-2-
pyrrolidone (NMP, 99.9%), ethyl alcohol (EtOH, 99.5%), and chlor-
obenzene (CB, 99.5%) were supplied by Sigma-Aldrich. Nickel oxide
(NiOx, 99.999%) was from Xi ‘an E-light New Material Co. All materials
and solvents used in this work have not been purified again and are
used directly after purchasing from the manufacturer.

Fabrication of single-junction WBG PSCs
The ITO glass was first cleaned and then treated using a plasma
machine for 90 s. NiOx solution was deposited on the ITO substrate by
spin-coating at 3000 rpm for 30 s, and the NiOx film was annealed at
100 °C for 15min. Next, a mixed SAMmaterials ofMeO-2PACz andMe-
4PACz were dissolved in EtOH. SAM layer was deposited by spin-
coating at 3000 rpm for 30 s, and then annealed at 100 °C for 10min.
For FA0.8MA0.1Cs0.1Pb(I0.8Br0.2)3 and FA0.8MA0.1Cs0.1Pb(I0.7Br0.3)3
(1.68 eV and 1.75 eV) perovskite precursor solution, OPD, MABr, CsI,
PbBr2, PbI2, and FAI were dissolved by DMF: DMSO (4:1) or DMF: NMP
(4:1). The precursor solutionwas spin-coated at 5000 rpm for 40 s, and
CB (100 ul) was added at 6 s. Perovskite film was then annealed in a
nitrogen glove box at 100 °C for 50min. After cooling, the PEAI
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(3mgml−1, dissolved in IPA) solution was dynamically spin-coated on
the perovskite film at 3000 rpm for 30 s, and then annealed at 100 °C
for 10min. Finally, C60 (30 nm), BCP (8 nm), and Ag (100nm) were
deposited by thermal evaporation.

Fabrication of ST WBG PSCS

Preparation of ITO/NiOx/SAM/Perovskite/PEAI/C60 films as shown
above. Then, SnO2 (20 nm) was deposited by atomic layer deposition
(ALD), and IZO (100 nm) was subsequently deposited by sputtering to
form the transparent electrode.

Fabrication of CIGS solar cells
The preparation of CIGS solar cells adopts the following standard
process. Firstly, a molybdenum layer (1μm) was deposited on soda-
lime glass by sputtering as the back electrode. Subsequently, a three-
stage co-evaporation process was adopted to deposit copper, indium,
gallium, and selenium, forming a CIGS light-absorbing layer (2.3μm).
Subsequently, a CdS buffer layer (50nm) was deposited by chemical
bath deposition, while an i-ZnO layer (50 nm) and an Al-doped ZnO
window layer (300 nm) were deposited by radio frequency sputtering.

To enhance electron collection, a Ni/Al/Ni metal mesh was deposited
by electron beam evaporation.

Device characterization
J-V curves characterization was carried out under standard AM 1.5 G
spectral (100mWcm-²) illumination, using a calibrated solar simulator
and a standard silicon reference cell to ensure light intensity accuracy.
Tests were performed in forward (−0.1 V to 1.3 V) and reverse (1.3 V to
−0.1 V) voltage scanning modes with the scan rate controlled at
100mVs−1. The devices were connected with four probes to eliminate
the effect ofwire resistance. A shadingmask (0.0867 cm−2) was used to
ensure that the effective light area. PSCs were encapsulated with cover
glass and butyl rubber for MPPT stability testing. EQE spectra were
obtained by using a QE system (Enli Tech).

Other characterizations
GIWAXS patterns of perovskites weremeasured at BL 17B1 beamline of
the Shanghai Synchrotron Radiation Facility (SSRF). Incident-angle-
dependentmeasurementswere achievedbyX-raywith awavelengthof
1.238 Å. GIWAXS data were collected every 2 s for in-situ GIWAXS
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patterns. TCFM images were acquired using a customized scanning
confocal microscope equipped with TCSPC (PicoHarp 300) function-
ality. The microscope was based on a Nikon TE-2000 inverted micro-
scope and is fitted with an infinity-corrected ×50 dry objective lens
(Nikon L Plan, NA 0.7, CC 0-1.2). Excitation was performed using a
470nm pulsed diode laser (PDL-800 LDH-P-C-470B, pulse width
350ps), with a repetition rate of 1MHz for time-resolved fluorescence
spectroscopy measurements and 40MHz for fluorescence image
acquisition.

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

Data availability
All the data supporting the findings of this study are available within
this article and its Supplementary Information. Any additional infor-
mation can be obtained from corresponding authors upon
request. Source data are provided with this paper.
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