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ABSTRACT

Mixed-halide perovskites are ideal mid- and wide-gap absorbers for multijunction solar cells, but stable photovoltaic performance

is severely hampered by halide segregation. This study reveals that crystalline film quality and halide segregation are critically
affected by bromide fraction x in CH;NH;Pb(I;_,Br,); because of macrostrain and ordered-phase formation. X-ray diffractometry

across stoichiometries spanning 22 bromide fractions demonstrates that central compositions near x = 0.5 form two macrostrained

phases, which exhibit halide segregation under light at different rates. While the overall amplitude of phase segregation follows a

broadly symmetric distribution in compositional space, maximized near x=0.5, the potentially ordered compositions of
CH3;NH;PbIBr, and CH3;NH;PbI,Br diverge sharply, presenting particularly stable and unstable scenarios, respectively.
Notably, halide segregation is shown to occur even below the widely quoted perceived threshold of x = 0.2. Such analysis high-
lights promising approaches to mitigate halide segregation, through engineering of macrostrained phases and local atomistic

ordering. Together, these observations provide crucial benchmarks for proposed models of halide segregation and establish

new routes toward segregation-resistant materials for multijunction perovskite-based photovoltaics.

1 | Introduction

Over the past decade and a half, metal halide perovskite (MHP)
active layers have been utilized in a range of semiconductor-
based devices [1-8]. Notably, the record power conversion effi-
ciency (PCE) for a single-junction MHP-based solar cell has
now eclipsed 26% [9]. Excellent optoelectronic properties such
as a high charge-carrier mobility, long charge-carrier lifetime,
and high absorbance enable this impressive device performance
[10-15]. The versatile applicability of MHPs across different
semiconductor devices is facilitated by the ease of bandgap tun-
ability of MHPs [16-18]. By altering their chemical composition
(ABX;, where A is a monovalent organic/inorganic cation, B is a
divalent metal cation, and X is a monovalent halide anion), in
particular via halide alloying, bandgaps across the visible range

and into the infrared are accessible [18-25]. While extensive
effort has been applied to developing a 1.7eV MHP to serve
as a wide-gap absorber in MHP-Si tandem solar cells, there
has been less focus on the optimization of compositions for
use in both triple-junction MHP-MHP-Si architectures and multi-
junction all-perovskite solar cells [9, 18, 26-32]. Such devices
could be fabricated monolithically and have higher theoretically
accessible PCE values: triple- and quadruple-junction architec-
tures can theoretically exhibit maximum PCEs of 52% and
56%, respectively, under 1-sun illumination [27, 33]. However,
to maintain device performance, the stability of each individual
absorber must be optimized.

The wide bandgaps required for multijunction perovskite-based
solar cells can be achieved by alloying iodide and bromide on the
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halide X-site of MHPs. However, mixed-halide MHPs undergo
halide segregation in the presence of excited charge carriers, gen-
erated either via illumination or electronic injection [23, 34, 35].
During segregation, halide ions migrate to establish iodide-rich
and bromide-rich regions of the perovskite [36], a process that is
reversible once charge carriers are removed [37]. As iodide-rich
inclusions possess a smaller bandgap compared to the mixed
bulk material, excited charge carriers preferentially funnel to
these regions [36, 38, 39]. Such charge-carrier funneling leads
to enhanced radiative losses and decreased charge-carrier diffu-
sion lengths, worsening photovoltaic performance [35, 40]. Until
now, the majority of studies on halide segregation have each indi-
vidually focussed on a small number of compositions, and,
often, only a single halide ratio [36, 37, 39, 41-45]. Comparing
results from different reports is thus hindered by the use of
differing processing methodologies and experimental conditions
given that extrinsic factors, such as the use of passivating
agents and illumination conditions, can affect the material’s pro-
pensity to segregate [46]. Consequently, it has been challenging
to reach a firm conclusion regarding the impact of tuning the
bromide-to-iodide ratio, and hence bandgap, on halide segrega-
tion dynamics. While some previous studies on adjusting the bro-
mide fraction have been conducted, these have often produced
conflicting results [29, 47-54]. For example, while some reports
have suggested a possible miscibility gap in the MAPb(I,_,Br,);
compositional space (where MA represents methylammonium)
[47, 48], others did not substantiate such effects [49, 52].
Importantly, drawing firm conclusions on the effects of iodide-
bromide alloying on halide segregation has proven difficult
due to the coarse spacings in the range of alloyed halide compo-
sitions investigated in the existing literature to date [42, 49]. Fine-
tuning of alloy fractions is particularly essential to investigations
of material stability near potentially ordered alloy points such as
APbIBr, and APbI,Br, for which predictions of elevated stability
have been made [47, 55], or compositions which exhibit signifi-
cant structural strain, for which lattice deformation could
suppress halide segregation [48, 50, 53, 56, 57].

In addition, while several mechanisms for halide segregation
have been proposed, there is still no literature consensus on
which model most accurately describes the observed, multiface-
ted, segregation behavior. Direct iodide oxidation [58-60], recom-
bination via charged iodide interstitial defects [41, 61, 62],
recombination at crystal lattice distortions via neutrally charged
trap states [63, 64], polaron-induced local strain changes
[36, 65, 66], and thermodynamic-based bandgap reduction have
all been suggested to drive halide segregation [43, 45, 67, 68].
A systematic comparison of segregation behavior across a
detailed iodide/bromide compositional space may thus also test
the validity of these models, offering solutions to mitigate this
detrimental effect.

In this study, we reveal how film microstructure and halide seg-
regation are profoundly affected by changes in the halide ratio for
the mixed-halide perovskite MAPb(I; _,Br,);. In order to uncover
clear differences with composition, we examined an exception-
ally finely spaced compositional series, spanning 22 distinct
halide compositions. For central compositions with approxi-
mately 50% bromide fraction, we find an asymmetric broadening
of the X-ray diffraction (XRD) peaks, which we resolve as two
constituent subpeaks. We attribute this dual-peak diffraction

to the formation of two differently macrostrained phases, which
may compensate for the detrimental difference in the iodide and
bromide ionic radii and cause the absence of a theoretically pre-
dicted [47] miscibility gap. XRD measurements conducted in situ
under illumination demonstrate that halide segregation in such
central compositions occurs at two different segregation rates,
highlighting the potential of initial strain engineering to mitigate
segregation. Interestingly, we found the average rate of material
segregation to be largely invariant across the compositional
series, suggesting that segregation is limited by the halide ion
mobility, which tends to show little dependence on halide con-
tent [69]. In contrast, we demonstrate that the volume extent or
magnitude of halide segregation peaks near the central compo-
sitional region around x=0.5. Deviating from this underlying
trend, local atomistic ordering within the material is shown to
strongly influence the segregation behavior. We experimentally
verify the unusual photostability of MAPbIBr,, which had been
theoretically predicted previously [47]. In contrast, MAPbL,Br is
revealed to be particularly unstable under light, highlighting its
inability to form a photostable ordered structure [47]. The results
of this study provide future directions for the development of
segregation-resistant compositions for use in multijunction
perovskite-based solar cells and offer a clear benchmark for
the testing of models aiming to explain the mechanism
underlying halide segregation.

2 | Results
2.1 | Structural Variations Across the Mixed-Halide
Series

We begin our study by examining the structural variations across
a series of MAPb(I;_,Br,); films through analysis of XRD pat-
terns recorded prior to any significant light exposure having
occurred. The full fabrication details for the thin films used in
this study are described in Section 5, with all targeted stoichio-
metries based on an identical processing methodology to enable
consistency across the series. We utilize a finely stepped
approach across the whole compositional space, with Figure
S1 depicting the 22 unique compositions that were targeted, rang-
ing from pure iodide (x = 0) through to pure bromide (x = 1). For
nominal bromide fraction between 0.8 and 0.9, XRD patterns
(Figure S2) exhibit broadened peaks with multiple satellites indi-
cating a potential reduction in grain size coupled with composi-
tional inhomogeneities [70]. We attribute this to the mismatch in
solubility between Br™- and I -based precursors [71]. Further, the
film with a nominal bromide fraction of 0.55 shows poor homo-
geneity as seen in Figures S2 and S3, which is later discussed in
more detail. For the remainder of this article, unless otherwise
stated, discussion will be limited to halide ratios for which nar-
row diffraction peaks were obtained (suggesting similar average
grain size) and no significant initial compositional inhomogene-
ity was observed (18 out of 22). For these, Figure 1a highlights the
expected lattice parameter decrease (increase in XRD diffraction
angle) as the nominal bromide fraction is increased across the
compositional series [21, 23].

Intriguingly, closer examination of the second-order diffraction
peaks shown in Figure 1a reveals substantial peak asymmetry

2 of 12

Small Structures, 2025



@, (d)
. { \ MAPb(I, - Br,);
\ -0 —045
o8 | —0.1  —0475 =320
_ 0. I A -0.15 —0.5 g
z [ -02 —0.525 2
= | \ =0.25 —0.575 o
Z 0.6 | -03" —06 £ 15 7 (Model D)
= ‘ —0.333-0.667 z TP
2 =04 0.7 g
3 —0.425—1 B 0 %,(Model @) ¢
E 0.4 s > ®
S \ =
z 5 ¢
0.2 ‘ & s
AN\ ., oo
0.0 i ~"“'&4.%_~:-4‘«~ S o - - < Camosstdo athiianh| eooe® <
' 28.50 28.75 29.00 29.25 29.50 29.75 30.00 30.25 %.O 0.2 0.4 0.6 0.8 1.0
20(°) Nominal Bromide Fraction
(b) (c) (e) i
MAPb(I 475Bro 525)3 MAPb(Ij 475Bro 525)3 0.04
1.0 1.0 20,
‘.E_“ ‘.?_" - [ ] Y
£ 08 203 } o
E E 0.02 é 20,-26,
= 10)=V,(0 = 10)=V,(0)+V,(0 -
3 06 (D 1&)=7y(0) 3 06 Q) IO=V10)+70) °
£ 04 £ 04 S 00019
=] =] <
Z Z
0.2 0.2 ° °
—0.02 26,-26,
4 00 5 0.0
& 20 | %20 e
0 £ £ 0 g P °
g 0 ; E -0.04
Z Z
29.0 29.2 29.4 29.6 29.0 29.2 294 29.6 0.40 0.45 0.50 0.55 0.60
260 (°) 26 (°) Nominal Bromide Fraction
FIGURE1 | Impactofbromide fraction on the crystal structure of MAPb(I, _,Br,); films. X-ray diffraction patterns were recorded in the dark (prior to

any illumination) for unencapsulated films using monochromatic Cu-Ke, radiation. (a) Normalized second-order X-ray diffraction peaks for the com-
positions of interest. For nominal bromide fractions of less than 0.15, (220) and (004) reflections are present, consistent with the expected tetragonal (/)
phase [21, 23]. Above this transition point, a single peak resulting from the (200) reflection is present—indicative of the cubic (a) phase. (b) (200)
diffraction peak for a film with a nominal bromide fraction of 0.525. Data is modeled with a single Voigt profile, with normalized residuals plotted
below. The vertical dashed line indicates the extracted peak center from the fit, labeled as 26,. (c) (200) diffraction peak for a film with a nominal bromide
fraction of 0.525. Data is modeled with the sum of two Voigt profiles, with normalized residuals plotted below. The vertical dashed lines indicate the
extracted peak centers from the fit, with the center of the lower-angle peak labeled in green as 26,, and the center of the higher-angle peak marked in
purple as 26,. (d) Ratio of the minimized reduced y* (y,?) when a single Voigt profile versus the sum of two Voigt profiles is used to model the (200)
diffraction peak. Compositions that crystallized into the tetragonal phase (i.e., x = 0 and 0.1) have been omitted. (¢) Angular difference, plotted in green
(purple), between the low-angle (high-angle) peak position obtained from modeling the (200) peak with the sum of two-Voigt profiles and that obtained

from fitting with a single profile, shown for the central bromide region near x=0.5.

for those MAPb(I,_,Br,); films with a bromide fraction near 0.5.
As an example of this effect, Figure 1b,c presents the (200) dif-
fraction peak for the film with a nominal bromide fraction of
0.525, highlighting the clear asymmetric nature of the peak
profile. To quantify the apparent peak asymmetry present,
(200) diffraction profiles across the series were fit with a single
Voigt function and the residual evaluated (see Figure 1b).
Compositions with a bromide fraction less than 0.15 were not
considered for further analysis because of the close proximity
of the (220) and (004) reflections. As diffraction measurements
can be influenced by both Gaussian and Lorentzian broadening
[72, 73], the Voigt function was selected to model the data to
ensure generality. We find that for compositions with a bromide
fraction suitably far away from 0.5 (0.4 and 20.6), a single Voigt
function can suitably describe the data (Figure S4), as evidenced
by the minimized reduced y* value (labeled y,*) being close to
one (Figures S5 and S6). In addition, residuals are randomly dis-
tributed, with a Durbin-Watson statistic (D) approaching two
(see Figures S7 and S8) as expected for a high quality fit [74].
However, as demonstrated in Figure 1b, diffraction peaks for

films with a bromide fraction close to 0.5 strongly deviate from
a single Voigt function (full statistical analysis presented in
Figures S5 and S7). This quantitative analysis indicates that
for these central compositions, the measured diffraction profile
is inconsistent with the material being described by a single
lattice parameter [72].

In contrast, we find that the sum of two Voigt functions replicates
the observed peak asymmetry across any of the compositions
(Figures 1c and S9). Alongside a dramatically reduced normal-
ized residual amplitude, the two-Voigt model shows substantial
improvements in y,> (Figure S5) and D (Figures S7 and S8) com-
pared with the single-Voigt model, for the asymmetric peaks
observed near x=0.5. To quantify such relative improvement
in y,% we calculate the ratio of y,” values extracted from the
two models, which is independent of any uniform error scaling
[74]. As Figure 1d shows, films sufficiently rich in a single halide
species exhibit a y,” ratio close to unity, emphasizing that the
(200) peak profile can be described by a single-Voigt function
and hence a single lattice parameter. However, in heavily alloyed
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films, two-Voigt fitting results in a sharp improvement in y,*
maximizing near 50% bromide inclusion. This striking improve-
ment reveals that, for compositions with a bromide fraction close
to 0.5, the (200) diffraction profile is composed of two constituent
peaks. We note that a single tetragonal phase could give rise to
two closely spaced subpeaks, but we rule out this possibility as
the two subpeaks are of similar amplitude (suggesting negligible
texturing), while several tetragonally associated reflections are
concurrently missing in the XRD patterns. Such peak asymmetry
could be caused by the coexistence of two phases with slightly
different chemical composition. However, we observe no sudden
discontinuity in lattice parameter around x=0.5, and we find
that the asymmetry is still present following remixing after halide
segregation (see Note S1 for further discussion). We thus propose
that the two subpeaks are caused by two different lattice param-
eters associated with the coexistence of two differently macro-
strained material phases. Unlike microstrain, which causes
solely a broadening of diffraction peaks, macrostrain manifests
as shift in the diffraction peak angles. Thus, two differently mac-
rostrained phases will exhibit slightly displaced diffraction peaks
that, when summed, result in the observed asymmetric peak pro-
file (see Note S1 for further discussion) [73, 75].

In order to further examine such compositional regions exhibit-
ing macrostrain, we determined the difference in 26 between the
two constituent peaks of the two-Voigt fits, as visualized in
Figure le. The angular spacing between the two resolved peaks,
and thus, the difference in macrostrain between the two phases,
grows toward the central compositional range, maximizing
around x=0.525. Previous theoretical and experimental
studies have suggested an apparent miscibility gap in the
MAPD(I,_,Br,); compositional space, centered close to an x value
of 0.5 according to thermodynamic modeling [47, 48]. This mis-
cibility gap was rationalized by considering the substantial ionic
radii difference between the halide ions [47, 48]. However, in
reality, stabilized mixed-halide structures have been reported
across the MAPb(I,_,Br,); series, albeit associated with some
XRD peak broadening for bromide fractions close to 0.5
[49, 52]. Here, utilizing a monochromatic incident beam, we
are able to resolve that near the center of the compositional
range, two differently macrostrained phases form. We postulate
that the identified macrostrain can assist in stabilizing the forma-
tion of MAPb(I,_,Br,);—in effect, the macrostrain compensates
for the nonideal difference in halide ionic radii, allowing a sta-
bilized structure to form even when the halide ratio nears 50:50
[53, 56, 76]. The peak in the observed macrostrain (26 difference,
Figure 1e) near a bromide fraction of 0.525 and the inability of
the target composition of 0.55 to form a stoichiometrically homo-
geneous film (Figures S2 and S3) both support this hypothesis.
We note that, for single-halide MHPs, macrostrain manipulation
has previously been used to stabilize crystal structures [77-81].
Here, we show that intrinsic macrostrain also appears to struc-
turally stabilize mixed-halide films—highlighting a strain
engineering strategy for application in multijunction devices.

2.2 | Assessing Halide Segregation Kinetics
through XRD Under Illumination

We proceed by investigating how macrostrain and halide alloying
affect photostability and halide segregation across the

MAPbD(I,_,Br,); compositional space. For this purpose, we mon-
itor the evolution of the second-order XRD peak in situ under
constant illumination [37, 82]. The MAPb(I,_,Br,); thin films
were encapsulated with poly(methyl methacrylate) (PMMA) to
negate any atmospheric effects, a low X-ray flux was utilized
to avoid material degradation, and thin films were illuminated
with low-intensity laser excitation (0.91 mWcm 2 at a wave-
length of 470 nm) to minimize any differences in recombination
pathway preferences (see Note S2) [63, 83, 84].

First, we examine the rate with which halide segregation evolves
across the compositional space, as evidenced from changes in the
XRD patterns. Figure 2a contrasts the initial (200) XRD peak
with that recorded after 16h of continuous illumination for
MAPbD(I 475B1¢ 525)5 (see Figure S10 for all other compositions).
Significant peak broadening is evident, as highlighted by the dif-
ferential intensity plot in Figure 2b showing the formation of
high-angle and low-angle wings during illumination, while the
total peak area is conserved (Figure S11), suggesting negligible
overall loss of crystalline material. To parameterize the evolution
of these changes, we calculated the absolute integral of such dif-
ferential intensity curves (i.e., the shaded regions above and
below the x-axis in Figure 2b) at any given illumination time
and normalized these with respect to the peak prior to illumina-
tion (see Note S3 for further details).

The extracted time evolution of the relative structural change
occurring during illumination is shown in Figure 2c-e for
selected compositions (data for all compositions is provided in
Figure S12). Remarkably, these curves suggest that the rate of
structural change upon illumination is very similar across the
wide range of bromide fractions explored (though as discussed
further below, the amplitude of the response does vary consider-
ably). To verify this observation, we numerically determined a
rate coefficient from the inverse of the time taken for such
changes to reach 63% of the final value (see Note S4 for details).
The resulting rate coefficients plotted in Figure 2f reveal strik-
ingly similar values across the entire MAPb(I;_,Br,); composi-
tional series. We suggest that the rate-limiting factor in
determining the average speed of halide segregation is thus
the halide ion mobility, which has been shown to be broadly
independent of halide ratio [69].

We note that the dynamic curves capturing the time evolution of
the relative structural change can be well described by simple
monoexponential rise functions for many compositions (with
%> approximately unity, see Figures S12 and S13). However,
some divergence from this model is observed for compositions
with a bromide fraction close to 0.5. Figure 2c-e illustrates this
behavior for three example compositions, with the blue traces
representing monoexponential fits to the dynamics of the relative
structural change. For the film with a nominal bromide fraction
of 0.525 in particular (Figure 2d), the initial rapid rise is followed
by a slower, near-linear response at later times, which cannot be
captured by the single exponential function. We find that for
such central compositions near x = 0.5, the dynamics are instead
better described by the sum of two exponential rise functions
(orange traces, Figure 2c-e and see Figure S12). Figure 2g high-
lights the relative improvement in the y,” fit-quality parameter
when moving from fits of a monoexponential function to those
of a biexponential function (see Figure S13 for individual T2
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FIGURE2 | Rate of photoinduced halide segregation probed via X-ray diffraction under illumination (0.91 mW cm™2, 470 nm continuous wave laser

light). Diffraction patterns of PMMA-coated MAPb(I;_,Br,); films were recorded in situ using monochromatic Cu-Ke; radiation. (a) (200) diffraction
peak before (black trace) and after 16 h (red trace) of continuous illumination for a bromide fraction x = 0.525. (b) Intensity difference between the two
peaks shown in (a). (c-e) Relative structural change derived from the integral of the absolute value of the differential intensity (e.g., the gray shading,
Figure 2b) normalized with respect to the time-zero diffraction profile (further details in Note S3), plotted as a function of illumination time for three
example compositions. Fits based on a monoexponential and a biexponential rise function are plotted in blue and orange respectively. (f) Rate coefficient
describing the structural change, taken as the inverse of the time taken to reach 63% of the final value (see Note S4 for details). The dashed black line
highlights the weighted average rate across all compositions (Ksiructural = (0.24 £ 0.01) h™); 93% of compositions are within two standard error of this
value, showing strong statistical agreement with the expected value of 95% [74]. An average rate coefficient could not be extracted for the x =0.15 or 0.25
compositions (see Figure S12 and Note S4 for further details). (g) Ratio of the minimized reduced 4* (y,2) when a monoexponential function versus a

biexponential function is used to model the relative structural change evolution.

values). These data show that, while for compositions with either
small or large bromide fractions a single rate constant describes
the dynamics effectively, two rate constants are required for the
central compositions near x = 0.5. Interestingly, such findings of
two-phase dynamics near x=0.5 (Figure 2g) mirror our prior
observation of two differently macrostrained phases in the
XRD patterns of unilluminated films for the same compositional
region (Figure 1d,e). Previous reports have demonstrated that
lattice compression and expansion can modulate the rate of seg-
regation [36, 50, 51, 53, 56, 57, 85, 86]. Here, we therefore argue
that such intrinsic macrostrain causes lattice deformation, which
leads to two phases exhibiting distinct XRD peaks and segrega-
tion kinetics. Recent post-segregation cryogenic scanning trans-
mission electron microscopy measurements appear to support
our observations, with “pre-existing strain” being suggested to
explain anisotropic segregation behavior [87]. Thus, our finding
emphasizes ample opportunities to mitigate halide segregation
through control of intrinsic strain, e.g., via compositional engi-
neering or substrate interactions. Such control methods could
be further coupled with device-relevant extrinsic techniques to
suppress halide ion migration, such as the use of hermetic

epitaxial ZnS shells to stabilize mixed-halide nanocrystals for
use in perovskite-based light-emitting diodes [88].

2.3 | Absent Threshold for Segregation and the
Impact of Ordered Phases

To further elucidate the impact of halide alloying on phase
segregation, we now explore how the magnitude of the structural
changes varies with bromide content across the MAPb(I;_,Br,);
thin-film series. Interestingly, we find that unlike the segregation
rate, which is fairly independent of composition (Figure 2f), the
magnitude of change varies significantly and often highly non-
monotonically. Figure 3a highlights such effects by showing the
relative structural change on a compositional contour map as a
function of time under illumination. All compositions were mea-
sured under the same conditions (0.91 mW cm ™2 illumination
intensity), and there was no significant sample-to-sample varia-
tion for identical compositions (Figure S14). We stress that XRD
explores the bulk-averaged structural response of the material;
therefore, the relative structural change should mostly reflect
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contour plot of the integral of the relative absolute change in the second-order diffraction peak with respect to time. MAPbIBr, and MAPbIL,Br

are highlighted with a dashed line. Note, measurements on MAPbI; and MAPbBr; (segregation impossible) were zero padded from 2h onward to

ensure suitable contrast. (b) Total relative change averaged over the final hour of measurement, together with a Gaussian fit in gray (whose width
indicates the estimated +2¢ uncertainty in the fit calculated at the peak center). As reasoned in the text, the data points for MAPbIBr, and MAPbL,Br
(dashed lines) were not included in the fitting process. (c) (200) diffraction peak for a thin film with nominal bromide fraction of 0.55 (not PMMA-
coated). The angle corresponding to the center of the (200) diffraction peak for MAPbI,Br is highlighted with a dashed line. (d) Second-order diffraction
peak and photoluminescence spectra obtained at illumination onset (black) and after 16 h of illumination (red) for a thin film with a nominal bromide

fraction of 0.1.

the volume fraction of material that has undergone halide seg-
regation [37, 49, 63, 64]. We note that changes in photolumines-
cence have also often been used as a proxy metric for halide
segregation [29, 39, 45, 50, 54, 59, 65, 89, 90]. However, such
measurements are also affected by charge-carrier funneling
and trapping in lower-energy halide-rich domains [40, 64], which
will vary considerably with composition because of differences in
charge-carrier mobility and bandgap landscape [49, 84, 91].
Therefore, the rate at which segregation occurs and the volume
of material that segregates are not directly accessible via photo-
luminescence spectroscopy. Instead, photoluminescence spec-
troscopy measurements can act as a simple measure of
whether or not some amount of segregation has occurred, though
it may not return reliable information on the extent or rate of
segregation.

We begin by analyzing the broader trend of material volume
segregation across the full composition space, excluding the
“special” compositions MAPbI,Br and MAPbIBr,, which diverge

from this general trend and will be discussed further below. For
this purpose, we take an average over the values of relative struc-
tural change recorded over the final hour of measurement, dur-
ing which minimal variation is observed. Figure 3b plots such
terminus values for the relative structural change, revealing a
Gaussian-like distribution across composition (gray shading)
centered on a constituent bromide percentage of 52.1% + 0.5%.
This finding demonstrates that the volume susceptibility for seg-
regation is broadly maximal when the constituent bromide and
iodide fractions are comparable. Our experimental work is in full
agreement with previous theoretical modeling of the composi-
tional phase diagram of MAPb(I,_,Br,); under illumination,
which suggested that the region of maximum photoinstability
is centered on a bromide fraction of approximately 0.5 [36].

Interestingly, the “special” compositions of MAPbI,Br and
MAPDIBr,, which could potentially support ordered supercell
structures, display behavior that sharply diverges from the under-
lying Gaussian trend. For MAPbIBr,, a sharp reduction in the
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relative structural change is observed (see dashed line in
Figure 3a,b) when compared to neighboring compositions (see
Figure S12). It has been theoretically predicted that MAPbIBr,
can indeed form an ordered structure which conveys an
enhanced stability against segregation [47]. In the ordered con-
figuration, iodide ions occupy apical sites; the resulting layered
structure separates the lead-iodide and lead-bromide bonds
along distinct directions, minimizing the Coulomb contribution
to the formation energy by minimizing internal strain and pro-
moting stability [47, 55]. Our results thus rationalize recent
findings of an MHP with 1:2 iodide-to-bromide ratio yielding
a wide-gap absorber for all-perovskite triple-junction solar cells
with exceptional stability [27].

Converse to the enhanced segregation resistance of the MAPbIBr,
composition, its iodide-rich counterpart, MAPbI,Br, shows a dra-
matic decrease in stability under illumination. As Figure 3a,b
highlight, the relative structural change increases drastically for
MAPDLBr (and the nearby composition with bromide fraction
x=0.3) with respect to the underlying Gaussian trend. The large
discrepancy in volume segregation for MAPbI,Br and MAPbIBr,
can be directly visualized in Figure S10 by comparing the diffrac-
tion peaks for both materials before and after light soaking. From
thermodynamic considerations, unlike MAPbIBr,, MAPbL,Br is
not expected to be able to form an ordered structure that exhibits
a negative energy of mixing [47]. Previous theoretical work sug-
gests that the use of the symmetry-breaking organic cation pre-
vents the formation of a stable MAPbLBr phase [47, 55].
Further evidence for the instability of the MAPbI,Br phase is given
in Figure 3c, which depicts the (200) diffraction peak (no
illumination) of a MAPb(I,_,Br,); film with a nominal x value
of 0.55. For this composition, a broad and non-uniform peak is
observed, indicative of significant compositional inhomogeneity.
Interestingly, rather than exhibiting symmetric broadening, a clear
local minimum is formed in the diffraction peak, situated close to
the diffraction peak center associated with the unstable MAPbI,Br
composition. These observations provide further evidence of the
instability of the 1/3 bromide composition, as other compositions
in the vicinity clearly form more favorably.

Finally, we explore the commonly held belief that halide segre-
gation only occurs in mixed-halide perovskites with a bromide
fraction exceeding 0.2 [35, 56-58, 92, 93]. Much photovoltaic
device research has been focussed on compositions below this
threshold under the assumption that these do not exhibit halide
segregation [46, 89, 90, 94]. However, we find that discernible
signatures of structural change are evident in Figure 3a even
for MAPb(I,_,Br,); films below the x = 20% threshold. As an
example, Figure 3d plots the second-order diffraction peak before
and after 16 h of light-soaking for a film with a nominal bromide
fraction of 0.1, which exhibits a shift to low angle and the emer-
gence of a low-angle tail, indicative of the formation of iodide-
rich perovskite (the total peak area shows no discernible change,
Figure S11). Furthermore, photoluminescence spectra recorded
simultaneously at the beginning and end of illumination evi-
dence a small redshift and an increase in the PL intensity
(Figure 3d), typical of halide segregation [34, 39, 63]. Thus, we
clearly show via simultaneous structural and optical probes that,
while the extent of halide segregation is relatively low for low
bromide content, there is no hard threshold for segregation at
the bromide fraction of 0.2.

3 | Discussion

We note that our fine-grained compositional study provides a
wealth of benchmarks against which models of halide segrega-
tion can be tested and refined. The current range of models pro-
posed is exceptionally wide, ranging from direct iodide oxidation
[58-60], to charge recombination via iodide interstitial defects or
crystal lattice distortions [41, 61-64], polaron-induced changes in
local strain [36, 65, 66], and thermodynamic models based on
bandgap reduction [43, 45, 67, 68]. However, some of these mod-
els assume compositional thresholds to exist for halide segrega-
tion [45, 58, 68, 91], e.g., governed by direct iodide oxidation or a
thermodynamic driving force [58, 91], which our findings suggest
to be absent. In addition, the presence of particularly stable
(MAPDIBEr,) or unstable (MAPbI,Br) configurations must be fully
accounted for. Broadly, our findings lend support to models
requiring halide segregation to be modulated by some form of
lattice strain. For example, the “polaron model” of halide segre-
gation [36, 66] suggests that lattice strain generated by a transient
polaron is able to stabilize compositional fluctuations that, when
relatively iodide-rich, can further funnel additional polarons to
subsist stabilization [36, 66]. Such models further predict segre-
gation kinetics to be rate-limited by halide ion migration [66],
and a photoinstability profile that is broadly symmetric about
an x value of 0.5 [36], in agreement with our findings. The results
of our study thus offer a platform for the fine-tuning of such mod-
els, with a fully unified model capable of guiding stable material
synthesis being the ultimate goal.

Our results also illustrate a variety of design protocols for
multijunction perovskite-based photovoltaics (summarized in
Table S1). Although the bandgap provided by an x=1/3
mixed-iodide-bromide perovskite may appear ideal for use in a
silicon-perovskite tandem solar cell [17], the results of our
investigation suggest that this halide mixture is particularly
photo-unstable and should be avoided. On the other hand, manip-
ulation of macrostrained phases (for heavily alloyed systems near
x=0.5) via strain engineering could be utilized to enhance the
stability of top cells in all-perovskite double junctions and sili-
con-MHP-MHP triple junctions [17, 23, 27, 80, 95, 96]. Finally,
the x = 2/3 composition is both highly resistant against segregation
and exhibits an ideal bandgap for the use as a photostable top cell
in all-perovskite triple junctions [27].

4 | Conclusion

In conclusion, we have investigated the impact of changing
the halide ratio on the structure and photostability of
MAPb(I,_,Br,); films, exploring an exceptionally fine-grained
compositional space. We showed that for near-equal iodide-
bromide content, two phases of different macrostrain coexist
in the film, which seemingly stabilize the material in the absence
of light. Such effects may thus mitigate the possibility of a mis-
cibility gap previously proposed in the literature [47, 48, 53].
Once illuminated, such compositions near x=0.5 also exhibit
halide segregation that evolves with two different rate constants,
indicating that initial strain engineering via compositional tun-
ing has the potential to modulate photostability. Intriguingly, we
observed that the average rate of structural rearrangement
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caused by halide segregation did not vary across the entire com-
positional space explored. We postulate that the rate at which
segregation can proceed is mostly limited by the mobility of
halide ions. We further revealed that the volume fraction of
structural rearrangements associated with halide segregation
follows a broad Gaussian distribution in compositional space,
centered near x=0.5. However, diverging sharply from such
underlying trends, the “special” compositions of MAPbIBr,
and MAPbL,Br present particularly stable and unstable scenarios,
respectively. The formation of an ordered phase can thus mate-
rially impact the degree of halide segregation. Combining XRD
analysis with PL measurements, we were further able to evidence
that some amount of halide segregation still occurs below the
widely quoted threshold of x equal to 0.2.

Overall, our fine-grained compositional study of a prototypical
mixed-halide perovskite, utilizing X-ray structural probes under
in situ illumination, provides guidance for proposed models for
the mechanism driving halide segregation and identifies possible
routes to fabricating segregation-resistant materials. We suggest
that further research may target lattice-induced compression via
compositional engineering or substrate lattice matching to
increase the activation energy for halide migration and thus limit
the overall segregation rate [51, 80, 85]. Moreover, we propose
that controlling and utilizing strain has clear potential to
reduce thermodynamic instabilities driving both initial film
(im)miscibility and halide segregation [76]. In addition, our
results demonstrate that the extent of halide segregation in
mixed-halide films can be modulated by local ordering of the
lattice. Therefore, the utilization of special phases that facilitate
such ordering, such as for MAPbIBr, here, may prove highly
fruitful to enhance lattice stability. This work will ultimately
enable stable bandgap tuning of MHPs, a key requirement for
the successful implementation of multijunction perovskite-based
solar cell architectures.

5 | Methods
5.1 | Sample Fabrication

MAPbH(I,_,Br,); thin films were prepared using the
acetonitrile route as reported previously [64, 97]. In brief, MAI
(Greatcell), MABr (Greatcell), Pbl, (TCI Chemicals 99.99%),
and PbBr, (Thermo Scientific 98%) were weighed out and
dissolved in a methylamine/acetonitrile (Merck Chemicals) sol-
vent system to give a 0.5M perovskite solution as described by
Noel et al. [97]. The solutions were then statically spin-coated
onto z-cut quartz substrates (13 mm diameter) in a nitrogen filled
drybox at 2000rpm for 45s. The films were then annealed
for 90min at 100°C. For encapsulated thin films, PMMA
(poly(methyl methacrylate), Sigma-Aldrich, mean molecular
weight 120000gM™") was dissolved in chlorobenzene at
150 mg mL ™", and then, 75 pL of solution was statically deposited
onto a substrate at a speed of 2000 rpm, 2000 rpmss~* accelera-
tion, for 30s. After spin coating of PMMA, films were ready
to use without further annealing. Unless otherwise specified,
all samples were encapsulated with PMMA. All films were stored
in a lidded box within a nitrogen-filled glovebox prior to
experiment.

5.2 | XRD Measurements Investigating Structural
Macrostrain

Unless otherwise specified, XRD patterns assessing structural
macrostrain were acquired with a Panalytical X’Pert diffractom-
eter using the Cu-Ka; line. A substrate reference peak
(z-cut quartz) was utilized to correct for any angular tilt.

5.3 | XRD Measurements Under Illumination

As described in more detail previously [37], a custom-built sample
stage was utilized to measure XRD profiles under in situ illumi-
nation, mounted inside a Rigaku SmartLab X-ray diffractometer.
The incident X-ray radiation used was the Cu-Ko line. A 2D X-ray
detector (HyPix-3000) allowed for continual measurement across a
fixed 260 range—the second-order diffraction peak was selected to
increase angular resolution, while maintaining sufficient signal
intensity. Optical illumination was provided by a fiber-coupled
470 nm diode laser (PicoQuant LDH-D-C-470). After being routed
to the sample stage via an optical fiber, laser light was launched
into free space toward the thin film (illuminating the thin film side
of the sample). Photoluminescence could be collected in parallel
by collimation into a second fiber which was connected to an
external spectrometer (Ocean Optics USB2000). The illumination
spot size was selected such that it was significantly larger than the
X-ray probe (Figure S15). The X-ray beam was shaped as a line
profile (parallel to the sample surface). At the sample position,
the line profile (localized at the center of the illumination spot)
followed a Gaussian function with a standard deviation of
0.26 cm. Modeled with a Gaussian function, the optical beam
had a standard deviation of 1.2 cm. When projected onto the thin
film at 45° to the surface normal, the intensity at the center of the
laser excitation (i.e., the locality of the X-ray probe) was calculated
to be 0.91 mW cm ™2 (total laser power of 12 mW). Across the width
of the X-ray beam and sample, Gaussian drop-off caused a varia-
tion in local laser intensity of less than 15%. Prior to measurement,
samples had never been previously exposed to light (except during
initial deposition) and were transferred to the diffractometer
wrapped in foil, and the diffractometer was shielded from all other
external light during the measurement.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Image of MAPb(I, _,Bry); thin
films on z-cut quartz substrates. Supporting Fig. S2: X-ray diffraction
patterns for MAPb(I,_,Bry); thin films on z-cut quartz substrates.
Supporting Fig. S3: Absorbance spectra of the MAPb(I, _,Br,); thin film
with a nominal bromide fraction of x = 0.55. Supporting Fig. S4: Second-
order diffraction peak for MAPb(I,_,Br,); thin films on z-cut quartz sub-
strates. Data is modelled with a single Voigt profile. Supporting Fig. S5:
Minimised reduced »* (y,%) when either a single Voigt profile or the sum
of two Voigt profiles are used to model the (200) diffraction peak.
Supporting Fig. S6: Second-order diffraction peak for a MAPbBr; thin
film. Supporting Fig. S7: Durbin-Watson statistic for the two cases of
using a single Voigt profile and the sum of two Voigt profiles to model
the (200) diffraction peak. Supporting Fig. S8: Improvement in the
Durbin-Watson statistic when moving from fits based on a single
Voigt profile to those based on the sum of two Voigt profiles to model
the (200) diffraction peak. Supporting Fig. S9: Second-order diffraction
peak for MAPb(I, _,Br,); thin films. Data is modelled with the sum of two
Voigt profiles. Supporting Fig. S10: Second-order diffraction peak for
MAPD(I,_,Br,); thin films before and after 16 h of illumination with a
constant intensity of 0.91 mW cm ™2 via a 470 nm continuous wave laser
excitation. Supporting Fig. S11: Area underneath the second-order dif-
fraction peak for MAPb(I, _,Br,); thin films normalised to the initial peak
area. Supporting Fig. S12: Relative structural change in thin films of
MAPD(I;_,Br,); arising from halide segregation. Supporting Fig. S13:
Reduced minimised »* (y,?) for the three cases of using a monoexponen-
tial function, a biexponential function, and the sum of a monoexponential
function and a linear function (constrained to go through the origin) to
model the relative structural change. Supporting Fig. S14: Relative
structural change as a function of illumination time, extracted for two
different MAPDb(I;_,Br,); thin-film samples of the same nominal bromide
content x, evidencing minimal sample-to-sample variation for identical
composition. Supporting Fig. S15: Profile of the X-ray beam and laser
excitation. Supporting Fig. S16: Second-order diffraction peak for three
MAPD(I,_,Br,); thin films of different nominal bromide fraction x, pre-
pared as part of a separate batch. Supporting Fig. S17: Second-order dif-
fraction peak for MAPb(I, ,Br,); thin films recorded on a different
diffractometer. Supporting Fig. S18: Ratio of the minimised reduced
2 (r,”) when moving from the use of a single Voigt profile to the use
of the sum of two Voigt profiles to model the (200) diffraction peak
for MAPb(I,_,Br,); thin-film samples on z-cut quartz presented in
Figure S17. Supporting Fig. S19: Second-order diffraction peak for
MAPD(I;_,Br,); thin films with PMMA encapsulant . Supporting Fig.
$20: Ratio of the minimised reduced y* (y,>) when moving from the
use of a single Voigt profile to the use of the sum of two Voigt profiles

Small Structures, 2025

11 of 12



to model the (200) diffraction peak for MAPb(I;_,Br,); thin-film samples
on z-cut quartz presented in Figure S19. Supporting Fig. S21: Centres of
second-order X-ray diffraction peaks for MAPb(I;_,Br,); thin films,
extracted from modelling with a single Voigt profile and the sum of
two Voigt profiles. Supporting Fig. S22: Second-order diffraction peak
for MAPb(I, _,Br,); thin films prepared as part of a separate batch. This
batch used a shorter annealing time. Supporting Fig. S23: Second-order
diffraction peak for MAPb(I; _,Br,); thin films that had previously been
exposed to continuous light-soaking and then had been allowed to remix
in the dark. Supporting Fig. $24: Ratio of the minimised reduced »* (v,%)
when moving from the use of a single Voigt profile to the use of the sum
of two Voigt profiles to model the (200) diffraction peak for
MAPDb(I,_,Br,); thin-film samples on z-cut quartz presented in Figure
S23. Supporting Fig. S25: Intensity difference for the (200) diffraction
peak after 16 h of continuous illumination (with respect to the peak
obtained before illumination) for a composition with a nominal bromide
fraction of 0.25. Supporting Fig. S26: Example correction procedure for
the relative structural change as a function of illumination time for a
composition with a nominal bromide fraction of 0. Supporting Fig.
S27: Example correction procedure for the relative structural change
as a function of illumination time for a MAPb(I,_,Br,); composition with
a nominal bromide fraction of 0.3. Supporting Fig. S28: Example extrac-
tion of the average rate of structural change. Supporting Table S1: Table
summarising the results of the study and proposed design strategies to
enhance the stability of different multi-junction perovskite-based solar
cell architectures. Supporting Note S1: Further discussion of diffraction
peak asymmetry. Supporting Note S2: Experimental design.
Supporting Note S3: Calculating the relative structural change.
Supporting Note S4: Extracting average rate of structural change.
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