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Despite many efforts to increase the photovoltaic performances of wide-bandgap (WBG, with a Br
content above 20%) perovskite solar cells based on bromine—iodine (Br—I) mixed-halide perovskites,
understanding the crystallization kinetics of WBG perovskite films, as well as the role of Br mixing in the
crystallization kinetics, is still lacking. Furthermore, an overlooked aspect is the correlation of the halide
compositions, crystallization kinetics, crystallographic structure, and charge transfer dynamics. Here, we
unveil that Br—I mixed-halide WBG perovskite films undergo two intrinsically different crystallization
kinetic processes. One is the intermediate solvent-complex phase-assisted growth (I-rich), and the other
is top-to-bottom downward growth (Br-rich). Such downward growth (including high Br concentrations)
correlates with the formation of a highly vertically oriented perovskite film, which is accompanied by

Received 19th September 2025, defect formation caused by a dissolving and recrystallization process coupled with halide
Accepted 30th October 2025 homogenization. Consequently, Br-rich WBG perovskite films exhibit enhanced charge carrier transport,
DOI: 10.1039/d5ee05540g but are concurrently plagued by non-radiative charge recombination. Addressing this fundamental

perspective is critical to precisely tailor Br-related crystallization, which significantly affects the structure
rsc.li/ees and optoelectronic properties of WBG perovskite films and devices.

Broader context

Understanding the crystallization kinetics of Br-I mixed-halide WBG perovskite films, and their correlation with the crystallographic structure and charge
transfer dynamics, is critical for advancing WBG perovskite devices. Herein, this study explores the composition-crystallization-structure-property relation-
ships of WBG mixed-halide perovskite films. Such downward growth (of Br-rich films) correlates with the formation of a highly vertically oriented perovskite
film, which is accompanied by defect formation caused by a dissolving and recrystallization process coupled with halide homogenization. Consequently, these
films exhibit enhanced charge carrier transport, but are concurrently plagued by non-radiative charge recombination. To maximize the WBG potential,
balancing orientation and suppressing non-recombination centers are essential.
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Introduction

Perovskite-based tandem solar cells have demonstrated rapid
and impressive breakthroughs in power conversion efficiencies
(PCEs). Wide-bandgap (WBG) perovskites, as the top subcell,
can be integrated with many emerging photovoltaic technolo-
gies, such as silicon (Si), copper indium gallium selenide
(CIGS), low bandgap perovskites, or organic solar cells." The
certified PCEs of perovskite/Si and all-perovskite tandem solar
cells have reached 33.9% and 29.1%, respectively, exceeding
that of single perovskite solar cells (26.1%).>* For state-of-the-
art perovskite tandem devices, WBG perovskites commonly
utilize iodide-bromide (I-Br) mixed halides with a range of
high Br contents (>20%)."> However, perovskite solar cells
(PSCs) with mixed halides, especially with a Br content above
20%, suffer from processes leading to non-radiative recombi-
nation and phase segregation under operational conditions,
which pose major limitations on the performance of WBG
perovskite solar cells.® These issues are linked to the film
formation processes within high Br compositions, which
undergo rapid and inhomogeneous growth phenomena, result-
ing in perovskite films with high extents of defects associated
with their microstructural features, such as high density of
grain boundaries®'*"" and compositional heterogeneity."*

Addressing the above challenge has seen various strategies
from the research community toward the goal of improving
Brrich perovskite film characteristics. These include methods
such as compositional texture engineering,® interface engi-
neering,'®'*'* and additive engineering.”>™"” The results from
the studies point toward the necessity of understanding how Br
modification in perovskite materials affects their crystallization
kinetics, exploring the formation processes of various meta-
stable and stable phases, following their temporal and thermo-
dynamic stabilities, and correlating their structural and
functional optoelectronic properties.

To date, the crystallization kinetics of organic-inorganic
perovskite films with normal band gaps or narrow band gaps
have been widely studied by in situ grazing-incidence wide-
angle X-ray scattering (GIWAXS)."® However, only a handful of
studies have probed the formation dynamics of WBG mixed-
halide perovskite films via in situ photoluminescence (PL).”**°
For example, An et al.*® and Wang et al” investigated the
formation kinetics of Br-rich perovskites (60% Br). Huang
et al. reported that Br~ affects the formation dynamics and
defect physics of WBG perovskite films. Specifically, a Br-rich
phase nucleates first, and then reaches the target stoichiometry
during the growth stage through a halide homogenization
process governed by Br-I interdiffusion, accompanied by the
formation of numerous defects.'® These pioneering studies
have provided insights into the role of Br mixing in WBG
perovskite formation, and particularly its effects on the defect
and optoelectronic properties.”'**° However, a systematic and
detailed investigation into the crystallization kinetics of Br-rich
(>20% Br) WBG perovskite films and the impacts of anions on
their crystallization kinetics, especially orientation transitions,
remains lacking. Notably, the crystallization kinetics correlated
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with film microstructures, which primarily refer to crystallo-
graphic orientation, and charge transfer mechanisms, are yet to
be unambiguously established.

The synchrotron-based in situ GIWAXS method has proven
to be a powerful tool to elucidate the structure evolution
processes.”’>* Moreover, GIWAXS can be combined with com-
plementary in situ techniques, such as in situ absorption or PL
measurements, due to the characteristically strong optoelec-
tronic response of the perovskite materials themselves, thereby
enabling multimodal in situ characterization studies.’>”*
Beyond multiprobe and correlative characterization studies,
developing new instruments enables the correlation of intri-
cate experimental processing accompanied by controllable
environments to the crystallization kinetics of perovskite
films.>>?® Therefore, synchrotron-based multimodal in situ
platforms effectively reveal the underlying mechanisms
and enhance the common understanding of WBG perovskite
crystallization.

In this work, through systematic GIWAXS and PL multi-
modal in situ experiments, we explore the role of Br /I halogen
anions in the crystallization kinetics of Br-rich WBG perovs-
kites. To get a view as fundamental as possible and draw sound
conclusions, we mainly focus on an I-Br mixed-halide WBG
perovskite system MAPbI; ,Br, (x =0, 1, 1.5, 2, and 3), since it
is one of the most classical and widely studied compositions,
and simultaneously, the effects of cation inclusion on the
perovskite crystallization kinetics can be ruled out. As the Br
concentration increases, we observe and analyze two types of
crystallization kinetics of one-step solution fabricated WBG
perovskite films with antisolvent-drop and thermal-annealing
processes: one is an intermediate solvent-complex phase-
assisted growth, and another is a top-to-bottom downward
growth. Among them, the top-down mode enables the crust
of perovskite films to behave as a structural template and
induce subsequent growth to form vertically oriented crystal-
lites.”” During thermal annealing, the dissolving and recrystal-
lization process, accompanied by halide intermixing, leads to
the formation of spatially distributed domains of composi-
tional variances within the thin film. Moreover, we develop a
detailed understanding of the composition—crystallization—
structure-property relationships of WBG mixed-halide perovs-
kite films, ultimately achieving a complete correlation from the
atomic/molecular scale to macroscopic device performance.
Combining the crystallographic structure and charge transfer
processes, we find that perovskite films with a highly vertical
orientation will facilitate charge carrier transport. In contrast,
the increased defects within the oriented perovskite films lead
to non-radiative charge recombination. Notably, the preferred
orientation still substantially affects the charge transfer
mechanisms within the devices. We propose a unifying per-
spective towards understanding the phenomena experienced
during the in situ crystallization of hybrid compositions
of perovskite films and further correlate the optoelectronic
properties of devices pertaining to the composition with the
incipient crystallographic structures established during thin
film formation.
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Results and discussion
Structural and charge carrier dynamics within thin films

In the present work, we investigate I-Br mixed-halide WBG
perovskite films, specifically focusing on compositions with a
high Br content ranging from 33% to 67%. Although the Br-rich
compositions studied exceed the ideal bandgap range typically
required for WBG perovskites in tandem solar cells, we aim to
systematically explore perovskites with a wide bandgap range,
which includes ideal bandgap ranges for tandem solar cells.
The ultraviolet (UV)-visible absorption data, X-ray diffrac-
tion (XRD) patterns, and morphology information of the
MAPDI; ,Br, films are provided (Fig. S1-S3 and Table S1).
These data agree with the reported literature,”® which confirms
an accurate material synthesis.

The crystallographic structure, especially the crystallographic
orientation of MAPbI;_,Br, films, is a critical feature that will
influence the optoelectronic properties of WBG perovskite films.

g, (A1)
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A high degree of preferential vertical orientation is beneficial
for charge-carrier extraction and transfer within functional
stacking.?**° To understand the crystallographic orientation
and the order degree of lattice stacking, we perform 2D GIWAXS
measurements of MAPbI; ,Br, films (Fig. 1A). The Debye-
Scherrer diffraction ring patterns for the MAPbI; ,Br, films
(x = 0, 1) suggest a random orientation of the crystallites.*" In
contrast, a concentrated scattering signal at the out-of-plane
direction of the (100) plane for the MAPbI;_,Br, films (x = 1.5)
indicates a preferential vertical orientation. Sharp and discrete
scattering Bragg spots for the MAPbI; ,Br, films (x = 2, 3)
indicate a high degree of vertical orientation. Therefore, we
conclude that when the Br concentration increases, an isotropic
orientation of the polycrystalline film gradually transfers into a
highly out-of-plane preferential orientation, enhancing the
desired vertical orientation within films (Fig. S4 and S5).

To gain an insight into the optoelectronic properties of the
films, we investigate the spectroscopy characterization studies
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Fig. 1 Structure and charge transfer mechanisms of Br-rich WBG perovskite films. (A) 2D GIWAXS data of MAPbls_,Br, films. (B) Photoluminescence
lifetime mapping images of the MAPbIs_,Br, film. Time-resolved PL spectra of (C) bare MAPbls_,Br,, (D) PTAA/MAPbIs_,Br,, and (E) MAPbls_,Br,/PCBM
films on glass. (F) Schema depicting the extent of efficient charge transport with different extents of preferential orientation of crystallites within thin films.
Strong vertical orientation provides directed channels for efficient charge extraction. Random orientations lead to a directional anisotropy of charge
carrier diffusion pathways, which decelerates charge extraction.
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of the MAPDI;_,Br, films. Comparative analysis of PL lifetime
mappings (Fig. 1B) reveals a noticeable decrease in photolumi-
nescence lifetime with an increase in Br concentration.
To further confirm this tendency, we conducted time-resolved
PL (TRPL) measurements of the perovskite films. Fig. 1C shows
TRPL decays of the WBG perovskite films, fitted with a mono-
exponential decay model** (Fig. S6). The fit results reveal that
the charge carrier lifetime decreases as the Br content
increases, which agrees well with PL lifetime mapping. These
results underscore that high-Br concentration perovskite com-
positions exhibit serious bulk non-radiative recombination
processes, which are an indicator of defect states within the
perovskite material.’®?° Additionally, the film morphologies
(Fig. S3a-j), examined with scanning electron microscopy
(SEM) and atomic force microscopy (AFM), and the evaluation
of the size distribution (Fig. S3k-m) show that as the Br content
increases, the grain size generally decreases.®** This finding is
consistent with the reported literature that a high Br content,
causing more rapid crystallization, creates a high density of
grain boundaries, which may lead to more defects accompa-
nied by defect-induced charge carrier recombination.®** There-
fore, we reason that Br-rich perovskite films (>20% Br) tend to
grow with smaller grain sizes and have more defect states in
comparison with I-rich ones.

To understand the correlation between the crystallographic
orientation and optoelectronic properties of the MAPbI;_,Br,
films, we examine the TRPL data of the MAPbI;_,Br,/PTAA and
MAPbDI;_,Br,/PCBM functional stacking layers. The TRPL
curves of perovskite/transport layer heterojunctions exhibit bi-
exponential decay: a fast initial decay correlates with charge
extraction to the transport layer, and the second decay with
interfacial recombination.?* Notably, a rather similar decay
trend in the MAPbI;_,Br, samples with either PTAA or PCBM
implies that as the Br concentration increases, both the charge
extraction and the non-radiative recombination losses are
enhanced (Fig. 1D and E and Fig. S7, Table S2). This trend is
supported by computing the differential lifetime (Fig. S8),
proposed by Yuan et al®® Unlike full device architectures,®
our study focuses on the material stack level, where we observe
that both PCBM and PTAA, as organic materials, exhibit
characteristics that allow us to infer charge transfer dynamics
in the presence of a perovskite layer. We assume that boosted
charge extraction could be attributed to the vertical crystal-
lographic orientation of the Br-rich perovskite films compared
to randomly orientated I-rich perovskites. As pointed out
previously,®” vertical charge carrier diffusivities are primarily
affected by the intergrain and intragrain pathways. Moreover,
the predominant mode of vertical charge diffusion is the
intragrain pathway due to the film thickness, which is generally
maintained within the average size range of perovskite crystal-
lite sizes (Fig. S9). In other words, most charge transports are
efficiently transported through the direct intragrain pathways.*”
Following this reasoning (as sketched in Fig. 1F), strong vertical
orientation within the perovskite films provides direct vertical
pathways for electron and hole diffusion,*® which contributes to
fast charge transport. Random orientations within the intragrain
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enable the heterogeneity and anisotropy of charge carrier
diffusion,®” which hinders any charge extraction afterward.

Crystallization kinetics of MAPbI; ,Br, perovskite systems

To figure out the origin of the crystallographic orientation and
defect formation of mixed-halide WBG perovskite films, we
investigate the crystallization kinetics of MAPbI;_,Br, perovs-
kite systems via synchrotron-based multimodal in situ GIWAXS
and PL measurements. To achieve this, we use a specially
designed instrument, which provides an insight into the thin
film crystallization process within a nitrogen environment via
an antisolvent-assisted spin-coating procedure followed by
thermal annealing (Fig. 2A-C).*>***® This protocol has been
demonstrated as a general approach for attaining thin films
resulting in high-efficiency PSCs.*’

2D GIWAXS data in Fig. 2D show the key structure conver-
sion before, during, and after the antisolvent drop event.
We find that the structural evolution of MAPbI; and MAPDbI,Br
films proceeds via a similar pathway (Fig. S10), in which both
transform from the precursor phase to the cubic perovskite
phase through a crystalline intermediate solvent-complex
phase (type I). In contrast, MAPbBr; and MAPDIBr, films
undergo a direct transformation from the precursor to the
cubic perovskite phase, accompanied by pronounced preferen-
tial orientations (type II). The crystallization process of the
MAPDI, sBr; 5 film incorporates features of both types, thus
representing an intermediate case between type I and type II.
Notably, we focus on the WBG compositions, with 33%-67% Br.
Thus, we regard MAPbI,Br and MAPDIBr, as the representa-
tives, and further analyze their crystallization kinetics in detail.

Crystallization kinetics of MAPbI,Br perovskite films. Fig. 3A
and D (and Fig. S11a) display a simultaneous overview of the
temporal evolution of structural and phases of the MAPbI,Br
film, as extracted from in situ GIWAXS and PL during perovskite
crystallization. To develop an understanding of the evolution of
the various emerging chemical phases, we analyze the perovs-
kite (100) and solvent-complex (150) peaks, with regard to peak
intensities, positions, and the FWHM values (Fig. 3B and C, and
Fig. S11b-d). To trace the phase evolution, the maximum-
intensity peak of the individual PL profiles is also analyzed,
and thus its peak intensity, position, and FWHM are extracted
(Fig. 3E and F, and Fig. S11e). The detailed data treatments are
described in SI and Fig. S4. Based on the comprehensive
information, we classify the crystallization process into five
stages.

In the first stage (Stage I, ¢ = 0-4 s), the characteristics of
diffuse halo signals (Fig. 2D and Fig. S12, S13a) and the lack of
PL emission in Stage I (Fig. 3D-F and Fig. S13b) are consistent
with the findings reported in the previous literature.”® With the
antisolvent drop at ¢ = 5 s, the diffuse halos shift to the
positions at 0.52, 1.62, and 3.04 A~ (Fig. S13e), suggesting a
rapid structure change within the precursor phase. Instantly,
the signals further transform into low but distinct Bragg
diffraction rings at 1.01, 1.44, 1.74, 2.02, 2.26, 2.47, 2.86, and
3.03 A7, corresponding to MAPbL,Br (100), (110), (111), (200),
(210), (211), (220) and (300) reflections (¢ = 6-7 s; Fig. 2D and

Energy Environ. Sci., 2025, 18, 10460-10472 | 10463
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Fig. 2 Sketch of a multimodal in situ analytical cell and structural conversion seen in 2D GIWAXS data. (A) and (B) Sketch of a multimodal in situ analytical
cell highlighting the combined 2D GIWAXS and PL measurements. (C) Sketch of the critical steps during the in situ spin-coating standardized procedure.
(D) 2D GIWAXS data as a function of the scattering vector components g, and g, during structural conversion of MAPbI,Br and MAPDIBr; films before,

during, and after the antisolvent drop att = 5 s.

Fig. S13a).*° Moreover, the antisolvent drop immediately
induces a broad but intense PL peak at ~642 nm (Fig. 3D-F
and Fig. S13b), which demonstrates a much higher initial
energy bandgap (~1.93 eV), compared to the final bulk film
(~1.77 eV; Fig. 3F).

In the second stage (Stage II, ¢t = 5-23 s), besides the cubic
perovskite peaks, we can also observe that strong diffraction
intensities are present at ~0.47, 0.51, 0.65, and 1.77 A™*
(Fig. S12 and S13a and c), which correspond to the orthogonal
crystalline solvent-complex, MA,Pb;(I/Br)s-2DMSO (denoted as
MAPbDL,Br-DMSO, details in Fig. S13f).>® The g position of the
perovskite (100) peak, g(100), slightly increases with a narrowing
FWHM (Fig. 3C). Correspondingly, the PL peak intensity shows
an increase and then a decreasing tendency (Fig. 3E); the PL
position varies at ~650 nm (1.90 eV; Fig. 3F and Fig. S13b and
d). Therefore, we speculate that these observations might be
explained by the interplay between crystal growth and crystal
dissolution. The small-sized nuclei have a tendency to attach to

10464 | Energy Environ. Sci., 2025, 18, 10460-10472

the surface of large ones or dissolve, owing to their surface/
interfacial energies and high solubilities.*"** Via small-cluster
coalescence (LaMer mechanism), the size of initial nanocrystals,
expected to be above the critical radius and thermodynamically
stable, increases and becomes homogeneous. Meanwhile, the
small nanocrystals would disappear.*®

In the third stage (Stage III, ¢t = 24-64 s), at the end of the
spin-coating protocol (¢ = 24 s), a thermal annealing process of
the thin film is initiated. We observe the significant redshifts of
PL (the maximum wavelength arriving at ¢t = 48 s) and the
narrowing of the peak width (Fig. 3F), and the perovskite g(100)
position overall showing an increasing trend (Fig. 3C). This is
attributed to solvent molecules evaporating from the film as the
temperature rises. Simultaneously, the Ostwald ripening (also
called grain coarsening) could occur during this process.'?
However, the coexistence of perovskite and intermediate phases
within the film, with the possible introduction of micro-strain,
could contribute to the broadening of the diffraction peak

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mapping with five stages seen in GIWAXS and PL data, and temporal evolution of characteristic parameters for (A)—(F) MAPbI,Br and (G)—-(L)
MAPDIBr; films. (A) and (G) Radially integrated 2D GIWAXS data as a function of g position and (D) and (J) PL data as a function of wavelength together
with the substrate temperature (olive). The blue-shaded region in (A) highlights the temporal evolution of the intermediate phases, namely the MAPbI,Br-
DMSO solvent-complex and cubic perovskite phases. To resolve peak-splitting features observed in (G) and to ensure consistency between the two
diffraction maps (A) and (G), the g range is displayed up to 3.5 A~X. Temporal evolution of (B) the radially integrated 2D GIWAXS intensity of MAPbI,Br
(black) and MAPI,Br-DMSO solvent-complex (green), and (C) the g position of the MAPbI,Br (100) peak and its related peak FWHM. Temporal evolution of
(E) PL emission intensity, (F) PL peak position, and related peak FWHM in the MAPbI,Br film. Temporal evolution of (H) the radially integrated 2D GIWAXS
intensity of the MAPDbIBr, (100) peak, and () g position of the MAPbIBr, (100) peak and its related peak FWHM. Temporal evolution of the (K) PL emission
intensity, (L) PL peak position, and related peak FWHM in the MAPDIBr; film. The division of different stages for MAPbI,Br and MAPDIBr, is determined
from characteristic features observed in their time-resolved PL mappings (D) and (J) and the extracted PL intensity profiles (E) and (K). Considering that
heating conditions can be regarded as effectively identical for both films, the differences in phase-transition timing (e.g., Stage Ill) primarily originate from
the nature of each material. Stage Il for MAPbI,Br occurs within t = 24-64 s (corresponding to ~30-70 °C), whereas Stage Ill for MAPbIBr, occurs within
t = 30-84 s (corresponding to ~36-90 °C).

(Fig. 3C). At ¢t = 49-64 s, the diffraction intensities of the Thus, we assume the following points: (1) as solvent molecules
MAPDI,Br-DMSO complex decrease and finally disappear, and continue to evaporate, the thermal dissociation of the solvent
diffraction intensities of the perovskite phase gain an order of complex is initiated, which contributes to a polydispersity of
magnitude in intensity (Fig. 3B and Fig. S14, S15a and c). the molecular species. (2) After the removal of DMSO, Ostwald
Accordingly, the PL signal broadens and blue-shifts (¢ = ripening drives the fragments into large grains.”>** In the
49-53 s; Fig. 3F and Fig. S15b and d), and subsequently it meantime, the aforementioned thermal dissociation and
quickly undergoes narrowing and red-shifting (¢ = 54-61 s). structure rearrangement processes also induce a decrease in
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complex guso) and perovskite ggo0) peak positions (lattice
distances increasing), and relatively broad FWHM values
(Fig. 3C and Fig. S11b-d).

In the fourth and fifth stages (Stage IV, t = 65-96 s; Stage V,
t = 97-200 s), the intensity of the perovskite (100) peak slightly
increases and then almost remains constant (Fig. 3B). The g(;00)
position slightly increases towards ~1.007 A~ accompanied by
an FWHM narrowing (Fig. 3C). Thus, we assume that as the
residual solvent gradually completely evaporates from the deep
zone, a denser lattice packing is formed. Besides, we can also
observe a slight PL shift towards ~700 nm (1.77 eV; Fig. 3F and
Fig. S16). This trend is likely attributed to the formation of
residual PbX, at grain boundaries.*” Besides, we note that
defect formation can also contribute to this PL blue shift and
emission decrease. At the end of the fifth stage, the finished
perovskite film is achieved.

Crystallization kinetics of the MAPDIBr, perovskite film.
Fig. 3G-L shows the mapping with five stages seen in the
GIWAXS and PL data, and the temporal evolution of the
respective key parameters for the MAPbIBr, film. With the
antisolvent drop at 5 s, the diffraction peak at ~1.05 A™*
immediately appears (Fig. 2D and Fig. S17 and S18a). At ¢ =
6 s, the intensities of the diffraction spots at ~1.05, 1.48, 2.35,
2.57,2.97, and 3.15 A* are remarkably enhanced. The promi-
nent scattering spots probably correspond to the perovskite
MAPDIBr, or MAPbBTr; (100), (110), (210), (211), (220), and (300)
reflexes. The PL position at this moment is located at ~567 nm
(t = 6 s; Fig. 3L). It indicates that the Br-rich composition
quickly nucleates in the framework of a cubic crystal structure,
with a high degree of preferential vertical orientation (azi-
muthal angle y of 0° the direction normal to the substrate,
Fig. S4). As a general crystallization mechanism reported in the
literature,®*° the initial nucleation of a vertically oriented
crust of Brrich composition proceeds from the liquid-air
interface, thereby leading to a high extent of crystallographic
preferred orientation (CPO) within thin films.

In the second stage (Stage II, ¢t = 5-29 s), only a cubic
perovskite crystal structure is present (Fig. 3G), and its intensity
increases with time (Fig. 3H). The 2D GIWAXS data (Fig. 2D and
Fig. $17 and S19) manifest that the growth of vertically oriented
3D-perovskite fosters the development of a highly preferentially
oriented polycrystalline perovskite phase, bypassing the inter-
mediate solvent-complex phase. Additionally, the g(;40) position
generally keeps rising while its FWHM exhibits a downtrend
(Fig. 3I), suggesting the presence of a denser and more ordered
lattice stacking as a result of the crystal growth. The PL position
gradually shifts towards ~580 nm (2.13 eV) and remains stable
afterward (Fig. 3L). The redshift (¢ = 5-29 s) can be mainly
attributed to a composition gradient evolution, in which the
initial Br-rich segments transform into the I-rich within the
film over time."

In the third and fourth stages (Stage III, ¢ = 30-84 s; Stage IV,
t = 85-98 s), the thermal annealing process commences from
~32 °C (t = 25 s). Herein, a strong PL emission is observed,
initially centered at ~700 nm (Fig. 3L and Fig. S20a), indicating
that the I-rich phase immediately emerges at the top region.
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The PL signal undergoes a redshift to ~728 nm (¢ = 30-54 s;
Fig. 3L). Meanwhile, the first peak also exhibits a redshift, and
eventually merges with the second peak, showing a non-
Gaussian peak shape (Fig. 3]). At t = 54 s, the perovskite g(100)
signal gradually splits into two peaks, and then fuses together
(Fig. 3G and Fig. S20c and d) at ¢ = 93 s. This phenomenon can
also be observed in other diffraction peaks (yellow arrows in
Fig. S21a), where the peaks become asymmetric before revert-
ing to a symmetric shape. The emergent PL peak at ~700 nm
and the split diffraction Bragg peak at ~1.021 A~" (as denoted
by white arrows in Fig. 2D; blue arrows in Fig. S20c and d) both
confirm that the initial Br-rich composition at the top layer is
quickly replaced by an I-rich composition during the early
stages of thermal annealing. We attribute this behavior to a
rapid dissolving-recrystallizing process driven by heat and
mass transfer, primarily at the air-film interface, where solvent
mass transfer is significant in the “fast” drying stage.?” This
stage occurs within one second,”” and provides the conditions
for the previously formed Br-rich upper layer to dissolve. More-
over, the diffusion and exchange processes of the anions
are necessary to achieve halide homogenization and finally
obtain the stoichiometry from the initially Br-rich-containing
species.'® The ion diffusion is related to the low activation
energy for I'/Br~ migration and ion concentration gradient
across the film thickness, which can be further accelerated by
heat/solvent transfer.*® In addition, the mechanism of vacancy-
and interstitial-mediated ion diffusion could also be consi-
dered.**® Consequently, anions diffuse outward from the
crystal and diffuse toward to re-construct the PbXs poly-
hedrons.>® Such a dissolution and recrystallization process
accompanied by self-diffusion and homogeneity of anions is
reflected in the splitting and merging of the PL peaks and g(;40)
peaks (Fig. 3G and ], and Fig. S20). Additionally, such a
homogeneity process is reported to assist defect formation.'**>
In the fourth stage (¢ = 85-98 s), the PL signal shows a distinct
blueshift and a wide distribution (Fig. 3L and Fig. S22). In the
fifth stage (Stage V, t = 99-200 s), the constant PL position
centered at ~635 nm (1.95 eV) is representative of luminescence
from a stable MAPbIBr, film, and the g(00) peak position
centered at ~1.037 A™" is consistent with having reached the
final perovskite film. Again, at the end of the fifth stage, the
final perovskite film results in a highly preferential orientation
(Fig. S23).

Origin of crystallographic orientation and stacking defects.
Grasping the crystallization kinetics of WBG perovskite films is
foundational to governing film quality parameters such as
crystallization orientation and defect generation. Although
there are several reports on film formation, there remains a
need for a comprehensive understanding of critical phase
transitions and nucleation/growth mechanisms, particularly
the role of Br modification in the crystallization kinetics.

In the first scenario, we propose an intermediate phase-
assisted growth®® process within the I-rich perovskite film, as
sketched in Fig. 4A and C. First, the perovskite phase nucleates
at the air-liquid interface, forming thin clusters with a rela-
tively random orientation. The continuous solvent evaporation

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Crystallization kinetics and compositions of WBG perovskite films, tailored by the Br content. Schematic illustration of two types of crystallization
kinetics processes: one is intermediate phase-assisted growth (A) and (C), and the other is top-to-bottom downward vertical-oriented growth (B) and (D).
As the Br concentration increases, the intermediate phase-assisted growth mode (I-rich) transforms into the top-to-bottom downward vertical-oriented
growth (Br-rich). Accordingly, a polycrystalline perovskite film with random orientations transforms into a near-single-crystalline-quality perovskite film
with highly vertical orientations. ToF-SIMS depth profiles of (E) MAPbI,Br and (G) MAPDbIBr; films deposited on an ITO substrate. The corresponding ion
distribution of Pbl,Br™ and PbIBr, ™ in (F) MAPDbI,Br and (H) MAPDIBr; films. The green and blue dashed lines denote the regions of the surface and bulk of

the films, respectively.

provides the supersaturation at the air-liquid interface that
drives the crystal growth of the initial nuclei. Besides, the
supersaturation is also consumed by the nucleation of the
intermediate solvent-complex phase, probably in the forms of
heterogeneous nucleation at the interfaces and the homoge-
neous nucleation within the bulk of the solution.”™?” These
nucleation modes could drive growth in all space directions,
as indicated by the perovskite phase coexisting with the inter-
mediate phases (Stage II; Fig. S11). Upon thermal annealing,
crystal domain evolution and grain growth occur through
grain coarsening, accompanied by the thermal decomposition
of the solvent-complex into Pb-X fragments and recrystalliza-
tion into the cubic MAPDI,Br crystals with relatively random
orientations.”

In the latter scenario, we speculate on having a top-to-
bottom downward vertical-oriented growth for the Br-rich per-
ovskite films, as illustrated in Fig. 4B and D. Vertically oriented
Brrich perovskites nucleate at the air-liquid surface. This
initial high degree of preferential vertical orientation is prob-
ably related to the surface energy or surface chemistry.>
To confirm this, we performed density functional theory
(DFT) calculations and calculated the surface energies of the
(100) and (110) planes. Aligned with the study on MAPbBr;,>”
the (100)-terminated slab of MAPbIBr, has a lower surface
energy in comparison to other lattice planes (Table S3), and

This journal is © The Royal Society of Chemistry 2025

therefore dominates on the surface (blue box at t = 5 s;
Fig. S18a). The Br-rich composition has a faster crystal growth
rate, which can effectively consume the increasing solution
concentration to suppress additional nucleation.>” The thin
crust acts as a structure template to guide the subsequent
growth process (also referred to as seed-induced growth).
Furthermore, in this downward mode, the (100) plane with
more rapid vertical growth continues to maintain its domi-
nance. The 2D GIWAXS data primarily show a similar pattern
after 6 s, agreeing well with this proposed growth mode.
Interestingly, the crystal nucleation/growth rate trend (100) >
(110) is consistent with the XRD peak intensities of different
planes (Fig. S2). During the annealing and drying process, apart
from the grain coarsening, the residual solvent removal enables
access to the dissolution and re-crystallization of the top sur-
face. Simultaneously, the Br-I anions undergo diffusion and
exchange, where they migrate across the whole film. We explain
such phenomena with the assistance of heat/solvent transfer
and a vertical gradient of Br /I ion distribution,*® probably
accompanied by an interstitial- and vacancy-mediated ion
diffusion mechanism.*>*® Based on the above PL lifetime
mapping and TRPL result, we speculate that such a homoge-
neity process has a higher possibility of causing native point
defect-like vacancies, as well as interstitials and anti-site
occupations,® as compared to the first scenario. We conclude
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee05540g

Open Access Article. Published on 01 novembris 2025. Downloaded on 07.01.2026 00:26:13.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

that the crystallization kinetics, including drying kinetics,
which lead to different nucleation and growth modes, are
critical for the film structure. In particular, the heterogeneous
nucleation and top-to-bottom growth modes, along with the
lower surface energy of the (100) crystal plane, may correlate
with a highly out-of-plane preferential orientation (vertical
orientation). This finding is also applicable to the FAMA-
based system, to a certain extent (Fig. S24).

Unlike MAPbDIL,Br, the MAPDbIBr, perovskite displays no
detectable intermediate phase during crystallization. This dif-
ference can be attributed to the distinct coordination chemistry
of Pb** with halides and DMSO0.?” In Br-rich formulations, the
Pb-Br bond is stronger than the Pb-DMSO interaction, whereas
in I-rich systems, Pb-I is weaker than Pb—-DMSO. Consequently,
the I-rich precursor tends to form stable MAPbX;-DMSO inter-
mediate complexes that contributes to the strong intermediate-
phase diffraction during film formation. In contrast, the Br-rich
MAPDIBr, precursor undergoes direct crystallization of the
cubic perovskite phase due to the weaker Pb—-DMSO interaction
and rapid de-solvation. Additionally, the difference in thermo-
dynamic stability between these two compositions also needs to
be considered.®

To elucidate the depth-dependent phase distribution of the
surface and internal perovskite layer, we conducted time-of-
flight secondary ion mass spectrometry (ToF-SIMS) measure-
ments on the MAPDbIBr, and MAPDI,Br films (Fig. S25). Indeed,
the normalized ToF-SIMS depth profiles reveal that the
MAPDIBr, film shows a more I-rich perovskite phase at the
surface (Fig. 4G; black curve), which indicates that the initial
Br-rich phase is replaced by an I-rich one. Therefore, it is
evident that the self-diffusion and homogenization of the
anions occur during the drying process. In contrast, the MAP-
bL,Br film exhibits a relatively uniform distribution of the I~
ions along the surface normal as seen with the initial sputtering
time (Fig. 4E; black curve). The more uniform distribution of I”
ions in MAPbIL,Br compared to MAPDIBTr, is likely due to the
formation of an intermediate phase (MAPbI,Br-DMSO) during
the initial stages of crystallization.>® The intermediate phase
(MAPDI,Br-DMSO) can prolong the processing window of the
dropping antisolvent.”® Moreover, DMSO coordinates with the
PbX, framework, building a scaffold that allows I"/Br~ ions to
distribute more evenly. This is consistent with previous studies
that have observed that intermediate phases can improve the
homogeneity of perovskite films.”® The ion distribution result
(Fig. 4F and H) agrees with the above findings that the
MAPDIBr, film has spatially distributed domains of composi-
tional variances. In both films, we observe a gradient distribu-
tion of PbL,Br~ and PbIBr, ions (a downward slope in Fig. 4E
and G), which likely indicates compositional gradients across
the depth. This phenomenon might be related to a vertical
gradient of crystallization (or solvent-induced recrystallization
process) from the film-air surface to the film-substrate
interface.®® Moreover, the distribution of Br™ ions is increased
at the film-substrate interface for both films (Fig. 4E and G;
purple curves), which is consistent with the report that for-
mation energies of Br immediate adduct phases, like PbBr,, are
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smaller compared to I-containing species,'® thus giving rise to
effective reduction in the total interface energy.

Charge transfers within the devices

The charge extraction in devices is critical in verifying our
assumption, which is that increasing the Br ratio in perovskite
materials can enhance the charge extraction processes in
perovskite solar cells (PSCs). We fabricate a series of PSCs as
the p-i-n architecture (ITO glass/PTAA/perovskite/PCBM/
BCP/Ag) based on the studied composition. The champion
power conversion efficiencies (PCEs) achieve 20.91%, 16.59%,
14.78%, 11.64% and 7.54% for MAPbI;, MAPbL,Br, MAPbI, .Br; s,
MAPDIBr,, and MAPDbBr;, respectively (Fig. $26). The photo-
voltaic performances (Table S4) reach the reported record for
MAPbI,_,Br, WBG PSCs.”®! To quantify the effect of crystal-
lographic orientation on the charge extraction within the PSC
devices, we first performed light intensity-dependent transient
photocurrent (TPC) measurements on the solar cells. Fig. 5A-D
shows TPC results on the devices under varying light intensi-
ties of 100.0% (1 sun), 31.6%, 10.0% and 3.0%, respectively.
Accordingly, the extracted photocurrent decay time as a func-
tion of the light intensity is shown in Fig. 5E. We find that
MAPDI, 5Br; s-based devices obtain the shortest decay time,
indicating an enhanced charge transport process compared
to the other compositions.®” Furthermore, we carry out the
intensity-modulated photocurrent spectroscopy (IMPS) measure-
ments to jointly confirm enhanced charge carrier transport by
increasing the Br ratio and quantify transport time in PSCs
(Fig. $27).°® Fig. 5F shows the extracted lifetime at different
offset voltages and the calculated average lifetime. In general,
the tendency of the average lifetimes (0.35, 0.49, 0.51, 0.56, and
1.19 ps for the MAPDI,Br, MAPDI, 5Br; 5, MAPbBr;, MAPDIBTr,,
and MAPDI;, respectively) is consistent with the aforementioned
TPC results. The extracted charge extraction times within the full
devices exhibit a behavior differing from those in functional
stacking layers (Fig. 1D and E). This differentiation is attributed
to the different characterization techniques and enhanced com-
plexity inherent in the geometrical configurations of the
samples.®* Finally, we propose that the moderate combination
of preferred orientation, grain boundary, and intrinsic defects
enables improved charge transport within the devices, particu-
larly when the film thickness exceeds the average grain size.
Combining our results from charge transfer mechanisms
(Fig. 1C-E) and charge extraction in PSCs (Fig. 5A-F), we find
that increasing the Br ratio achieves the desired vertical orien-
tation in the perovskite materials. This improved crystal orien-
tation enhances the charge carrier transport and extraction,
leading to a higher theoretical fill factor.®> However, this
crystal orientation modification also introduces stronger non-
recombination centers. Therefore, to further enhance the PCE
in WBG PSCs, we recommended developing functional addi-
tives or introducing a hot-air blowing or gas-quench technique
into different deposition methods (which can change not
only the film formation process but also the drying process),
to suppress the strong material heterogeneity and non-
recombination centers rather than only modifying the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Charge carrier extraction within the Br-rich WBG perovskite solar cell devices. Normalized transient photocurrent decay curves of MAPblz_,Br,
(x=0,1, 15, 2, and 3) perovskite solar cells under (A) 100.0%, (B) 31.6%, (C) 10.0% and (D) 3.0% light intensity. (E) Extracted photocurrent decay time for

the MAPbIs_,Br, perovskite solar cells as a function of the light intensity.

Here, we define lifetime as the time at which 1 — 1/e (~63.0%) of the total

photocurrent has been detected following the signal pulse, hence accounting for the charge extraction rates. (F) Intensity-modulated photocurrent
spectroscopy analysis for MAPbls_,Br, perovskite solar cells: lifetimes at different offset voltages (—1V, —0.5V, 0V, 0.5V, and 1 V). The charge transfer
time constant (zy,) is subtracted from the frequency where the imaginary part of the IMPS quantity reaches a maximum. The average charge transfer time
(denoted with the dashed line) is the average value under different bias conditions for each composition material.

preferential crystal orientation.®®® Through a balance between
the crystal orientation modification and the suppression of
non-recombination centers in perovskites, this approach will
unlock the full potential of WBG perovskite materials to reach
their theoretical limits.

Conclusions

In summary, by using synchrotron-based GIWAXS and PL
multimodal characterization studies, we unravel the crystal-
lization kinetics of Br-I mixed-halide WBG perovskite films.
Two different types of crystallization kinetic processes occur
within the MAPDbI, ,Br, perovskite films: one is interme-
diate phase-assisted growth, and the other is top-to-bottom
downward vertical-oriented growth. As the Br concentration
increases, the intermediate phase-assisted growth mode (I-rich
composition) transforms into top-to-bottom downward vertical-
oriented growth (Br-rich composition). Notably, the thin film
surface with a highly vertical orientation serves as a structural
template that guides the crystal growth. Correspondingly, a
vertically oriented textured polycrystalline perovskite film is
formed, which facilitates charge carrier transport and extrac-
tion. Simultaneously, the dissolution and recrystallization pro-
cess, accompanied by halide homogenization that occurs upon
thermal annealing, probably promotes defect formation,
thereby contributing to non-radiative charge recombination.

This journal is © The Royal Society of Chemistry 2025

The MAPbI, 5sBr; s-based devices obtain the shortest decay time,
indicating a balanced result of crystal orientation modification
and the suppression of non-recombination centers in perovs-
kites. The findings of this work will help the perovskite com-
munity to understand the crystallization kinetics of WBG
perovskite films, particularly the effects of halide mixing on
crystallization and crystallographic orientation. The heteroge-
neous nucleation and top-to-bottom growth modes, along with
a specific crystal plane with relatively low surface energy,
correlate with the oriented perovskites. These insights are also
applicable, to some extent, to mixed-cation Br-rich WBG sys-
tems, such as MAJFA,_,Pbl,_,Br,. As a result, this work pro-
vides useful guidance to tailor the nucleation/growth process of
perovskite films and film structures toward high optoelectronic
properties.
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