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ABSTRACT: Mixed-halide perovskites offer bandgap tunability essential
for multijunction solar cells; however, a detrimental halide segregation
under light is often observed. Here we combine simultaneous in situ
photoluminescence and X-ray diffraction measurements to demonstrate
clear differences in compositional and optoelectronic changes associated
with halide segregation in MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb(Br0.4I0.6)3
films. We report evidence for low-barrier ionic pathways in MAPb-
(Br0.5I0.5)3, which allow for the rearrangement of halide ions in localized
volumes of perovskite without significant compositional changes to the
bulk material. In contrast, FA0.83Cs0.17Pb(Br0.4I0.6)3 lacks such low-barrier
ionic pathways and is, consequently, more stable against halide
segregation. However, under prolonged illumination, it exhibits a
considerable ionic rearrangement throughout the bulk material, which
may be triggered by an initial demixing of A-site cations, altering the composition of the bulk perovskite and reducing its
stability against halide segregation. Our work elucidates links between composition, ionic pathways, and halide segregation,
and it facilitates the future engineering of phase-stable mixed-halide perovskites.

The success of metal halide perovskites (MHPs) is often
attributed to their excellent optoelectronic properties,
coupled with the relatively facile processing techniques

needed to fabricate corresponding photovoltaic devices.1,2 In
addition, the large tolerance of the perovskite crystal lattice to
structural distortions allows for the mixing of different ions
across similar lattice sites in the perovskite structure, an
important factor for the stoichiometric tuning of MHPs.3−7

Such stoichiometric engineering of the perovskite composition
grants a relatively straightforward control method over a range
of basic optoelectronic and material properties, such as the
bandgap energy,3−6,8,9 crystallinity,8,10 and chemical stabil-
ity.6,10,11 For photovoltaic applications, bandgap control is
often achieved in lead-based MHPs by mixing iodide and
bromide ions across X-anion sites in the ABX3 perovskite
structure,3,4,6,8 yielding APb(BrxI(1−x))3 compositions, where x
indicates the halide content of the perovskite and the A-cation
sites are usually occupied by MA+ (methylammonium,
CH3NH3

+), FA+ (formamidinium, CH(NH2)2
+), Cs+, or a

mixture thereof. Control of the material bandgap is particularly
important for tandem photovoltaic applications, for which the
total efficiency of the tandem stack is strongly dependent on
the bandgaps of the composite layers.12,13 Because of the
bandgap tunability of MHPs, research into perovskite-perov-
skite14−17 and perovskite-silicon18,19 tandem solar cells has

been greatly successful, opening a major commercial
opportunity for perovskite device technologies.
While mixing iodide and bromide ions in the perovskite

structure conveniently allows for bandgap tuning, it unfortu-
nately also facilitates a compositional instability problem
known as halide segregation.3 During the halide segregation
process, excited charge carriers generated either through
photon absorption3,20−23 or current injection24−28 drive the
separation of the halide species, resulting in the formation of
perovskite regions with differing halide composition and hence
different bandgap energies. In particular, the formation of
iodide-rich regions causes low-bandgap domains within the
bulk perovskite material into which excited charge carriers
funnel and collect, resulting in a red-shifted emission. In
addition, such low-bandgap regions can compromise the
charge-carrier extraction efficiency23,24 and the open-circuit
voltage25,29 of MHP photovoltaic devices, lowering their
performance. Interestingly, ceasing the generation of excited
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charge carriers allows the halide ions to remix, and eventually
the perovskite material returns to its presegregated
state.3,20,23,30 While the remixing dynamic is thought to
occur for entropic reasons,21,31 the cause of the initial
segregation is still much debated, with several potential
mechanisms having been proposed.32 Empirically, many factors
have been found to affect the halide segregation mechanism,
such as crystallinity,10,24,33−35 trap state density,20,23,36−43 and
the average stoichiometry of the perovskite.6,10,11,44,45 Interest-
ingly, the composition of the A-cation site appears to have a
particularly strong effect on the extent to which halide
segregation occurs. MAPb(BrxI(1−x))3 materials are known to
segregate under relatively low photon doses for intermediate
iodide-bromide ratios (0.2 < x < 1).3,11,21,22 In contrast, mixed
A-cation FA(1−y)CsyPb(BrxI(1−x))3 perovskites of comparable
bromide content x are known to be much more stable and
possess a much lower probability for ionic separation within
the perovskite structure, with much higher photon doses
required to induce halide separation6,10,24 provided the Cs
content y remains within the range of ∼10−30%.10 However,
the underlying reasons behind the influence of these factors on
the segregation dynamics, and how they may be intercon-
nected, is still largely unclear.11

Exploration of the causes of halide segregation in mixed-
halide perovskites has been further complicated by the separate
use of two measurement techniques, namely, photolumines-
cence (PL)3,20−22 and X-ray diffraction (XRD).3,10,46,47 While

each technique offers valuable insights, they have mostly been
used in isolation, even though each tends to probe different
regions of the perovskite. PL techniques reflect the electronic
energy levels at sites where charge carriers recombine, meaning
they mostly probe the iodide-rich domains formed through the
segregation process, since charge carriers will quickly diffuse to
such low-energy regions.3,20−22 XRD measurements are more
sensitive to the volume average of the crystalline perovskite
and, as such, give a more comprehensive picture of the
compositional variations within the whole material. While PL
measurements of mixed-halide perovskites consistently exhibit
red-shifted emission following halide segregation, XRD
measurements of a segregated material tend to vary more
substantially and, additionally, depend on the perovskite
composition.48 These considerations suggest that an under-
standing of the halide segregation process would hugely benefit
from in situ, combined measurements of changes in PL and
XRD patterns under illumination. Such in situ XRD/PL
measurements could grant an understanding of both the
underlying ionic movement and the electronic changes that
occur during the halide segregation process, elucidating, for
example, links between material composition and phase
stability.
In this study, we implemented in situ, combined XRD/PL

measurements to elucidate why MA-cation mixed-halide
perovskites exhibit a substantially different propensity toward
halide segregation compared with certain mixed formamidi-

Figure 1. (a) Normalized PL spectra for an MAPb(Br0.5I0.5)3 thin film coated with PMMA, recorded over 15 min of illumination under a light
of intensity of 190 mW cm−2, wavelength 470 nm. (b) Normalized PL spectra for an FA0.83Cs0.17Pb(Br0.4I0.6)3 thin film coated with PMMA,
recorded over 6 h of illumination under a light of intensity of 190 mW cm−2, wavelength 470 nm. Red-shifts in (a, b) are caused by halide
segregation. (c) XRD patterns recorded in situ at the same time and on the same MAPb(Br0.5I0.5)3 thin film as the data shown in (a). The
angle axis is scaled to focus on the region around the cubic (200) peak in the recorded XRD data. (inset) Enlarged region of the low angle
tail of the (200) peak. (d) XRD patterns recorded in situ at the same time and on the same FA0.83Cs0.17Pb(Br0.4I0.6)3 thin film as the data
shown in (b). The angle axis is scaled to show the cubic (220) peak in the recorded XRD data. (c, d) The Cu Kα1 line was used as incident
radiation.
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nium-cesium (FACs) cation counterparts. We explore two
specific compositions, MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb-
(Br0.4I0.6)3, under long-term illumination and subsequent
periods of darkness. While MA-cation mixed-halide perovskites
are the prototypical compositions often investigated in halide-
segregation studies,3,11,21,22 the vastly more stable
FA0.83Cs0.17Pb(Br0.4I0.6)3

6,10,24 is a much more relevant material
for high-performance photovoltaic devices,6 especially as the
top (sun-facing) absorber layer in perovskite-perovskite
tandem solar cells.14,17,49 Selecting perovskite compositions
with a roughly even bromide/iodide ratio ensures that the
halide segregation process will occur over a reasonable time
frame in our experiments.11 We note that differences in the
halide compositions and manufacturing processes for the two
examined compositions may have had a slight influence over
the resulting halide segregation dynamics in the perovskite
films. However, FACs lead halide perovskites have been
observed to possess a much greater stability against halide
segregation as compared to MA-based perovskites over a wide
range of manufacturing methods and halide contents.11

Therefore, the A-site cation choice will be the dominant factor
in the phase stability of lead mixed-halide perovskites of similar
iodide and bromide content.
We further note that links between the film crystallinity and

the A-site cation composition6,10,24 highlight that FACs
perovskites likely experience more ideal film formation
dynamics than MA-based perovskites and that the stability of
FACs perovskites may be partly associated with their increased
crystallinity. In Section 2.1 of the Supporting Information we
show that the width of the XRD peaks recorded from our
FA0.83Cs0.17Pb(Br0.4I0.6)3 thin films are indeed slightly smaller
than from our MAPb(Br0.5I0.5)3 films, in agreement with these
literature reports.11 Further discussion regarding such slight
material differences and how they may affect the halide
segregation dynamics is provided in Section 3 of the
Supporting Information.
Our combined XRD/PL measurements allow for a detailed

understanding of the halide segregation process in each
perovskite material, derived from the observation of both
incipient low-bandgap regions in PL measurements and the
analysis of the bulk material gained from XRD measurements.
We conclude that, for MAPb(Br0.5I0.5)3, halide segregation
initiates in minority regions of the perovskite material, rather
than throughout the bulk. Such regions must hence be
particularly susceptible to ionic rearrangements, for example,
through the existence of fast ionic pathways near grain
boundaries.50−54 We find that the growth and accumulation of
these halide-segregated minority regions gradually reduces the
volume of the remaining well-mixed perovskite phase.
However, the composition (as inferred from the lattice
parameters) of the remnant mixed-halide majority phase itself
remains unchanged throughout the halide segregation
dynamics. These observations demonstrate that, for MAPb-
(Br0.5I0.5)3, the segregation of halide ions occurs within and
spreads from specific locations inside the material. Conversely,
we find that in order for halide segregation to occur in
FA0.83Cs0.17Pb(Br0.4I0.6)3, large amounts of ionic rearrangement
are induced throughout the perovskite in unison, indicating a
lack of regions that are particularly susceptible to halide
segregation in this material and explaining the typically high
photostability of FACs A-cation mixed-halide perovskites,6,10,24

for Cs content of ∼10−30%. We propose that, for such FACs
perovskites, halide segregation may instead be triggered by the

initial segregation of the A-site cations, which enriches the bulk
perovskite in either FA or Cs and, in turn, reduces the stability
of the perovskite against halide segregation.
Figure 1 presents PL spectra and XRD patterns recorded for

MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskite thin
films under illumination, collected in situ utilizing our custom-
built setup that allows for simultaneous, time-resolved XRD
and PL measurements. During the measurements, MAPb-
(Br0.5I0.5)3 and FA0.83Cs0.17Pb(Br0.4I0.6)3 films were exposed to
15 min and 6 h of illumination, respectively, from a 470 nm
wavelength, continuous-wave laser. The intensity of illumina-
tion was set to 190 mW cm−2 for both compositions. This
intensity, while somewhat above 1 sun and the level required
to induce halide segregation in the MAPb(Br0.5I0.5)3 perovskite
film, was needed to induce halide segregation in the more
stable FA0.83Cs0.17Pb(Br0.4I0.6)3 film within a reasonable time
frame. All perovskite films investigated in this study were
overcoated with a layer of poly(methyl methacrylate)
(PMMA) to provide protection against unwanted interactions
between the perovskite and the surrounding air.20 Full details
of the experimental apparatus and parameters are provided in
Section 5 of the Supporting Information.
The normalized PL spectra of MAPb(Br0.5I0.5)3 and

FA0.83Cs0.17Pb(Br0.4I0.6)3 thin films develop in a qualitatively
similar manner, with the growth and eventual dominance of a
low-energy PL peakascribed to iodide-rich regionsclearly
visible in Figure 1a,b, respectively. However, as expected, the
time scales for halide segregation to occur in the two
compositions were significantly different, with the PL spectrum
of MAPb(Br0.5I0.5)3 reaching equilibrium on the order of tens
of minutes (Figure 1a), while changes still occurred in the PL
spectrum of FA0.83Cs0.17Pb(Br0.4I0.6)3 after several hours
(Figure 1b). Despite the large difference in time and photon
doses required to induce halide segregation in the two different
perovskite thin films, the observed red-shifts of the
corresponding PL spectra appear comparable.
In contrast, XRD patterns for MAPb(Br0.5I0.5)3 and

FA0.83Cs0.17Pb(Br0.4I0.6)3 films, recorded in situ at the same
time as the PL spectra discussed above and under the same
illumination conditions, show markedly different dynamics
(Figure 1c,d, respectively). On the one hand, for MAPb-
(Br0.5I0.5)3, Figure 1c shows that, over the course of 15 min of
illumination, the (200) diffraction peak in the XRD pattern
decreased in amplitude but remained centered at a fixed 2θ
value of ∼29.25°. For FA0.83Cs0.17Pb(Br0.4I0.6)3, on the other
hand, Figure 1d illustrates that the (220) diffraction peak
shifted to lower angles and widened significantly during the 6 h
of illumination. In addition, substantial differences can be
observed in the tail regions of these peaks, farther away from
their center positions. For MAPb(Br0.5I0.5)3, a significant
growth of XRD intensity in the high- and low-angle tails of
the (200) peak can be observed, as highlighted in the inset to
Figure 1c for the low-angle tail. For FA0.83Cs0.17Pb(Br0.4I0.6)3,
such growth in the low-angle tail amplitude to the (220) peak
is negligible (Figure 1d); however, a slight amount of high-
angle tail growth is evident (see Figures S3 and S4 for an
analysis of this high-angle region). The specific XRD peaks
discussed here were selected based on their prominence in the
corresponding XRD patterns (see Section 5 in the Supporting
Information for a discussion), with XRD patterns over a wider
range of scattering angles provided in Figures S1 and S2.
Figures S10 and S11 in the Supporting Information show that
the behavior of the (200) and (220) XRD peaks of the
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MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb(Br0.4I0.6)3 films, respec-
tively, is similar to that observed for additional XRD peaks for
these films.
The observed differences in the evolution of the XRD

diffraction patterns for MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb-
(Br0.4I0.6)3 under illumination suggest that fundamentally
different ionic movements accompany and drive halide
segregation in these two materials. To explore the causes of
such differences further, we examine the changes in XRD peak
amplitudes and the peak integrals, as a function of time under
illumination and during the subsequent recovery in the dark.
Figure 2a presents time-resolved XRD peak amplitudes for the
(200) diffraction peak of MAPb(Br0.5I0.5)3 films and the (220)
peak of an FA0.83Cs0.17Pb(Br0.4I0.6)3 film, exposed to different
periods of 190 mW cm−2 intensity illumination and in
subsequent darkness. In general, the XRD peak amplitudes
of both perovskites decrease under illumination and increase

again as they recover in the periods of postillumination
darkness. However, the MAPb(Br0.5I0.5)3 films experienced
faster dynamics than the FA0.83Cs0.17Pb(Br0.4I0.6)3 film under
both illumination and darkness, highlighting the higher
susceptibility to ionic movement for MAPb(Br0.5I0.5)3. In
addition, the initial decrease of XRD peak amplitude under
illumination is significantly faster than the subsequent recovery
of amplitude under darkness for all perovskite films (see also
Figure S5), in agreement with previous studies demonstrating
that the initial halide segregation proceeds much more rapidly
than the subsequent remixing of halide ions under darkness.3

We further confirmed that the 18 h of X-ray exposure
themselves did not significantly affect the perovskite material,
by placing an MAPb(Br0.5I0.5)3 perovskite thin film in darkness
but under X-ray examination for 18 h (black plot in Figure 2a),
which resulted in negligible loss in XRD peak amplitude over
the course of the experiment. Figures S6−S9 further provide
PL spectra and XRD patterns taken before and after the
periods of illumination and after corresponding periods of
subsequent darkness, for each of the examined perovskite films.
Interestingly, we find that, unlike the XRD peak amplitudes,

the integrals over the same XRD peaks (Figure 2b) remain
remarkably constant during illumination and subsequent
recovery, indicating a lack of film degradation into non-
perovskite products during the experiments. The only
exception to this observation is when the less-stable MAPb-
(Br0.5I0.5)3 film is illuminated for the prolonged period of 6 h,
during which the integrated XRD signal eventually declines,
indicating a small amount of material degradation, and we
therefore exclude these data from the following analysis. Any
potential emergence of nonperovskite material would be
unlikely to produce XRD diffraction signal exclusively within
the chosen integral limits used for the respective (200) and
(220) peaks of the MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb-
(Br0.4I0.6)3 films, and so a significant formation of these
products would have reduced the overall integral over these
XRD peaks, which is not observed. In particular, we can rule
out the generation of two specific nonperovskite degradation
products during the periods of illumination. First, little or no
material converted from a perovskite crystalline structure into
more amorphous material, given that a coherent reflection of
X-rays may only occur from regions exhibiting a well-ordered
structure.55 If a significant volume of the perovskite material
had converted from an ordered structure into a nonperovskite,
random arrangement then a significant decrease in total XRD
diffraction signal would be evident in Figure 2b. Second, little
or no perovskite material converted into PbI2or its mixed-
halide equivalentsover the course of the experiment. PbI2 is
a very common degradation product for many perovskites, but
it contributes insignificant XRD diffraction amplitude in the 2θ
regions over which these second-order peaks were inte-
grated.5,56−58 Besides, we confirmed that neither of the two
perovskites featured a growth in the prominent peak between
12° and 13° 2θ (for Cu Kα1 incident radiation) typically
associated with PbI2

56,58,59 in their recorded XRD pattern as a
result of the prolonged illumination (see Figures S12 and S13).
Given the absence of significant breakdown into non-

perovskite structures or amorphous material for both
compositions during the conducted experiments, we conclude
that the changes occurring in the XRD patterns (Figures 1c,d)
principally result from two effects. First, the red-shifts in the PL
emission spectra (Figures 1a,b) are indicative of halide
segregation and halide ion movement, and we conclude that

Figure 2. (a) Maximum amplitude of and (b) integral over the
(200) peak (MAPb(Br0.5I0.5)3 thin-film samples) and the (220)
peak (FA0.83Cs0.17Pb(Br0.4I0.6)3 thin-film sample) in the XRD
patterns of metal halide perovskite films coated with PMMA.
The thin-film samples were either illuminated for 15 min under
190 mW cm−2 intensity light of 470 nm wavelength (highlighted by
the shaded orange region at early times), illuminated for 6 h under
the same illumination parameters (highlighted by the shaded
yellow region) or not illuminated, after which all thin-film samples
were left in darkness until 18 h of total experimental time had
passed. In (b), the integral was taken from 27.0° to 31.5° 2θ for
the (200) diffraction peak of the MAPb(Br0.5I0.5)3 perovskite thin
films and from 39.5° to 42.75° 2θ for the (220) peak of the
FA0.83Cs0.17Pb(Br0.4I0.6)3 thin film. The data plots in (a) are
normalized to their initial value, and the data plots in (b) are
normalized to an average of the data within the first 2 min of the
corresponding experiment.
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such ionic movement is likely primarily responsible for the
concomitant changes in the associated XRD patterns (Figures
1c,d). Iodide-rich regions of perovskite will generate XRD peak
positions at lower values of 2θ than bromide-rich regions, given
that these peaks are linked with the lattice spacing of a given
structure.3−5,55 The increased spread of XRD diffraction
amplitude across a wide range of 2θ values as illumination
progresses (Figures 1c,d) may then be primarily explained by a
widening of the compositional range present across different
perovskite regions. Second, as a less significant effect, a
breakdown of crystalline volumes into smaller domains may
contribute to the broadening of XRD peaks60 and result in an
associated growth in their tails,61,62 as described in detail in
Supporting Information Section 8. This scenario may apply to
the MAPb(Br0.5I0.5)3 film, for which Figure 1c indicates a
symmetric signal growth in both high- and low-angle tails of
the (200) XRD peak, which could to some extent derive from a
breakdown of crystalline domains. In contrast, Figure 1d
demonstrates an absence of such symmetric tail growth for
FA0.83Cs0.17Pb(Br0.4I0.6)3, suggesting domain breakdown to be
insignificant here. Additionally, we note that a minor extent of
XRD peak broadening may result from strain being introduced
into the perovskite crystal by halide ion movement and the
fracturing of crystalline domains.
In order for us to examine the compositional evolution

within the MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb(Br0.4I0.6)3 films,
we proceed by converting both PL emission energies and XRD
2θ angles to an estimate of the bromide content of the
emitting/diffracting perovskite region. Section 7 of the
Supporting Information provides full details on how these
conversions were performed, based on known dependencies of
average PL emission and XRD peak positions on bromide
content x for a range of corresponding perovskite stoichiome-
tries across the iodide-bromide series. By remapping the PL
and XRD measurements displayed in Figure 1 onto the same
horizontal axis (axis of abscissa), now given in terms of
bromide content, we are thus able to directly correlate the
optoelectronic changes with the local compositional changes
occurring upon halide segregation. We note that, because this
approach does not capture any potential effects arising from
crystal domain fracturing, these bromide content axes should
be viewed as estimates, rather than precise measurements.
Through this approach, we are able to elucidate how the
associated underlying ionic rearrangement differs between
MAPb(Br0.5I0.5)3 and FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskites
films.
We first focus our analysis on MAPb(Br0.5I0.5)3, for which

Figure 3a,b presents in situ PL and XRD data taken
simultaneously over 15 min of 190 mW cm−2 intensity
illumination. A comparison of PL spectra and XRD patterns,
now both plotted against an estimated bromide content axis,
strikingly highlights how little of the XRD diffraction signal in
Figure 3b correlates with the bromide content associated with
the low-energy PL peak in Figure 3a. These observations
confirm that iodide-rich regions of perovskite form only a tiny
fraction of the total perovskite volume,29 while contributing to
the vast majority of the PL emission because charge-carrier
diffusion to these regions is highly effective. The XRD spectra
displayed in Figure 3b also demonstrate that halide segregation
results in complex compositional changes, most of which
because of the sensitivity of PL techniques to only the most
iodide-rich, lowest bandgap perovskite domainscannot be
detected with PL measurements. Our work here therefore

highlights the importance of examining the halide segregation
process through techniques that are sensitive to the bulk of the
perovskite material, such as XRD measurements.
We confirm that the process of compositional change

primarily causes the observed changes to both the PL and
XRD data by examining the temporal evolution of the
respective signals around the low-bromide (iodide-rich) region
of the PL spectra and XRD patterns. Figure 3c presents such
time-resolved integrals over the PL and XRD signals presented
in Figure 3a,b, between the estimated bromide contents of x =
0.07 and x = 0.16, as indicated by the shaded red columns.
Conversion of both horizontal axes to values of estimated
bromide content thus allows a direct comparison to be made

Figure 3. (a) PL spectra for an MAPb(Br0.5I0.5)3 thin film coated
with PMMA, recorded over 15 min of 190 mW cm−2, 470 nm
wavelength illumination. Spectra are plotted against the estimated
bromide content of the emitting perovskite, which was determined
from the dependence of the perovskite bandgap on halide
composition reported in the literature, as described in Section 7
of the Supporting Information. (b) XRD patterns for the same
MAPb(Br0.5I0.5)3 thin film as in (a), recorded in situ over the same
15 min period of 190 mW cm−2 illumination, also plotted against
the estimated bromide content of the reflecting perovskite
determined from literature reports (see Section 7 of the
Supporting Information). (c) The blue line plots the integral
over the PL spectra in (a), and the orange circles plot the integral
over the XRD patterns in (b), both taken over the bromide-
content interval indicated by the shaded red regions in (a, b),
which centers around the bromide composition matching the final
position of the PL peak.
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between the evolution of PL and XRD data in the same
corresponding region. Figure 3c clearly illustrates the time-
resolved formation of iodide-rich regions within MAPb-
(Br0.5I0.5)3 via both PL and XRD measurements, with the
integral of both signal types showing the same rise and plateau
over time commonly associated with PL measurements of
halide segregation in the literature.20,21 Figure 3c therefore
confirms that the rise in low-angle XRD tail and low-energy PL
signals predominantly results from halide ion rearrangement,
with any potential breakdown of crystalline domains being a
secondary effect.
Our analysis of these observations allows us to elucidate the

halide ion dynamics within the MAPb(Br0.5I0.5)3 perovskite
under illumination. The growth of the low- and high-angle tails
surrounding the main XRD (200) peak (evident in Figure 3b)
is ascribed to the buildup of iodide- and bromide-enriched
material as the halide segregation process proceeds. Interest-
ingly, the evolution of the core (200) diffraction peak over
time can be explained by the accumulated effect of continuous
ionic movements that are initially restricted to specific regions
of the perovskite, before these specific regions increase in
number due to crystalline domain breakdown and grow in
volume, thereby spreading throughout the bulk perovskite
material. We propose that, during any given time interval, a
subfraction of the bulk material converts into iodide-rich and
bromide-rich material, with the nature of the remaining bulk
perovskite phase remaining unchanged. As time progresses,
such changes become visible in Figure 3b as a rise in the high-
and low-angle tails of the (200) peak and a significant decrease
of the (200) peak itself, while the overall 2θ position of the
(200) peak remains constant. If instead, significant, concurrent
ionic rearrangements occurred in large volumes of the
perovskite simultaneously, this would be recorded as a shift
or change in shape of the main (200) XRD peak, neither of
which are strongly apparent in Figure 3b. We therefore
conclude that halide segregation in MAPb(Br0.5I0.5)3 is
initiated in specific volumes of the perovskite, with the
remaining bulk remaining compositionally stable, as indicated
by the unchanged 2θ central position of the XRD peak. Under
continued illumination, the regions in which such segregation
occurs gradually grow to consume much of the overall volume.
For the halide segregation pathways we propose for

MAPb(Br0.5I0.5)3, the associated ionic movement will be
relatively facile, as only the volumes of perovskite most
prone to halide segregation will initially participate. Therefore,
such segregation pathways help to explain the relative ease by
which MA-cation mixed-halide perovskites are observed to
initiate halide segregation. We propose that ionic movement
might commence in regions such as grain boundaries that may
offer enhanced ion mobilities,50−54 which could facilitate the
segregation of halide ions in certain, small regions of the
perovskite material with initially minor effects on the bulk
material. The evolution of the XRD pattern under illumination
of MAPb(Br0.5I0.5)3 further demonstrates that these specific
regions gradually grow, eventually engulfing most of the
material. Such a growth of halide-segregated material could
result from an extension of these domains away from grain
boundaries and into the bulk, as charge-carrier funneling and
lattice distortion progresses with time under illumination.
However, we suggest that an alternative process, deriving from
the fracturing of crystalline domains under illumination, may
also be in operation. As discussed in detail in Section 8 of the
Supporting Information, the observed increase in the full width

at half-maximum of the (200) peak is commensurate with a
significant contraction in crystalline domain size under
illumination, if ionic redistribution is neglected. Therefore,
halide segregation in MAPb(Br0.5I0.5)3 may partly progress
through the gradual fracturing of crystalline domains under
illumination, which increases the volume of grain boundaries,
generating more regions where halide segregation may easily
occur. This proposed picture of the halide segregation
mechanism in certain mixed-halide perovskites is congruent
with literature reports of halide segregation often being
associated with perovskite regions surrounding grain bounda-
ries in the material.42,43,63

We proceed by examining the halide segregation mechanism
for the much more compositionally stable FA0.83Cs0.17Pb-
(Br0.4I0.6)3 perovskite and find it to be markedly different from
that described above for MAPb(Br0.5I0.5)3. As already discussed
above, the evolution of XRD patterns of FA0.83Cs0.17Pb-
(Br0.4I0.6)3 under illumination, as shown in Figure 1d,
highlights a different underlying type of ionic motion. Here,
the actual (220) diffraction peak of FA0.83Cs0.17Pb(Br0.4I0.6)3
perovskite is found to shift and widen over 6 h of illumination,
with a tail appearing at higher angles. Such pronounced
changes to the core diffraction peak suggest that large amounts
of ionic rearrangement occur throughout the perovskite
volume, with a significant change to the average composition
of the majority phase. To examine such changes to the bulk of
the material, we therefore compare shifts in the main (220)
diffraction peak with those in the PL emission peak associated
with only the initially well-mixed, bulk phase of the
FA0.83Cs0.17Pb(Br0.4I0.6)3, as shown in Figure 4a,b for the first
6 h of 190 mW cm−2 intensity illumination. To obtain the PL
spectral component associated with only the bulk phase, the
low-energy PL peak deriving from the iodide-rich minority
phase was captured with a Gaussian fit and removed from the
PL spectra. A direct comparison of the PL emission peaks and
XRD patterns of the bulk perovskite phase (Figures 4a,b),
plotted against a common axis of bromide content, shows clear
parallel dynamics. Both PL and XRD peaks of the bulk
perovskite phase shift to lower bromide content and broaden
significantly with illumination time. In Figure 4c, the peak
position of the PL spectra displayed in Figure 4a is compared
with that of the (220) XRD peaks in Figure 4b, in terms of
bromide content at which the maximum signal occurs,
highlighting the similarity in time scales of the changes to
the PL spectra and XRD patterns. Overall, these observations
suggest that, for FA0.83Cs0.17Pb(Br0.4I0.6)3, prolonged illumina-
tion primarily affects the optoelectronic properties and the
ionic distribution across the whole bulk material, rather than
just within a minority phase exhibiting high ion mobility, as for
MAPb(Br0.5I0.5)3.
To understand the reasons for the observed shift of the

(220) XRD diffraction peak of FA0.83Cs0.17Pb(Br0.4I0.6)3 under
prolonged illumination, we consider the possibilities of ionic
rearrangements and of the introduction of lattice strain,64

which could shift crystal plane spacings. Interestingly, when the
XRD signal is evaluated across its full spread, we find that the
mean bromide content value (as opposed to just the peak
position) is largely unchanged with illumination time (see
Figure S3 for a comparison of XRD peak and mean values over
illumination time). This observation essentially results from
the shift of the XRD peak maximum to lower 2θ angles (lower
bromide contents) being largely counterbalanced by a growth
of XRD signal in the high-angle (high-bromide) tail of the
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(220) peak (see Figures 1d and S3). As a result, the mean 2θ
position of the XRD (220) peak shifts only by a tiny amount,
0.07°, over the 6 h illumination period, which would
correspond to only an ∼0.2% increase in the average lattice
parameter of the perovskite but could also be explained
through other effects, such as changes in XRD reflectivity for
regions of different halide content (see the associated
discussion in Section 4 of the Supporting Information). We
therefore conclude that the evolution in the shape of the XRD

(220) peak of FA0.83Cs0.17Pb(Br0.4I0.6)3 is primarily caused by
ionic rearrangement in the perovskite crystal, rather than large-
scale lattice strain.
To elucidate the specific ionic rearrangement occurring in

FA0.83Cs0.17Pb(Br0.4I0.6)3 under illumination we first analyze
the reasons for the growth of signal in the high-angle (high-
bromide) tail of the (220) XRD peak (evident in Figure 1d
and highlighted in Figure S3a). This increase of XRD
diffraction amplitude in the range of ∼41.5°−42.75° 2θ
corresponds to the formation of perovskite material with a
range of pseudocubic lattice parameters between 5.98 and
6.15 Å. Given the variation of ionic radii in the participating
FA, Cs, Br, and I ions, it is of course possible for perovskite
regions to be generated with a range of different compositions
yet similar lattice spacings and hence similar XRD patterns. In
Section 4.1 of the Supporting Information we discuss possible
candidates for the origin of this XRD signal, which range from
FAPbBr3 to CsPb(Br0.4I0.6)3 perovskite compositions. While
we are unable to determine the exact composition of the
perovskite that generates the high-angle tail of the (220) XRD
peak in Figure 1d, we find it to be compatible with a phase
enriched in either FA or Cs as a result of an A-site cation
rearrangement, comparable to that observed in similar
perovskite materials.64

Therefore, we suggest that the increase of high-angle XRD
diffraction amplitude for FA0.83Cs0.17Pb(Br0.4I0.6)3 under
illumination may partially derive from the initial demixing of
A-site cations in the perovskite material. The formation of a
phase with either an FA- or Cs-enrichment would result in the
depletion of FA or Cs, respectively, from the remaining bulk
perovskite, whichalongside corresponding halide ion rear-
rangementscan increase the average lattice spacing of the
bulk perovskite. As shown in Figure 4b, the shift in lattice
spacing of the bulk perovskite is reflected by the associated
XRD signal shifting to lower values of estimated bromide
content. As discussed in Section 4.1 of the Supporting
Information, the newly formed FA- or Cs-enriched perovskite
phase apparent in the high-angle tail of the (220) XRD peak is
expected to have a higher bandgap than that of the original
FA0.83Cs0.17Pb(Br0.4I0.6)3 material. Therefore, over the course
of the illumination, the bandgap of the remaining FA- or Cs-
depleted bulk perovskite would be expected to red-shift.
Accordingly, Figure 4a highlights this red-shift of the bulk
phase of the FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskite over the
course of the illumination period. Interestingly, it has
previously been shown10 that FA(1−y)CsyPb(Br0.4I0.6)3 films
only exhibit a stable phase space substantially free from halide
segregation for cesium contents y approximately between 0.1
and 0.3. Similarly, FAPb(BrxI(1−x))3 (y = 0)3,8 and CsPb-
(BrxI(1−x))3 (y = 1)7 perovskites have been found to be highly
susceptible to halide segregation. Rehman et al.10 have
attributed such effects to a lowering of material crystallinity
(as derived from charge-carrier lifetimes and XRD peak
widths) outside the range of 0.1 < y < 0.3, which in turn
reduces the stability of the perovskite against halide
segregation, as expected from the strong correlation between
crystallinity and photostability reported in the literature.11,33

Therefore, we propose that, for FA0.83Cs0.17Pb(Br0.4I0.6)3,
illumination could first result in the formation of a minority
FA- or Cs-enriched phase and the FA- or Cs-depletion of the
majority bulk phase, as a result of A-site cation separation. The
composition of the bulk perovskite would be shifted from the
maximally stable cesium composition of y ≈ 0.2, which in turn

Figure 4. (a) PL spectra showing the mixed-phase perovskite
emission from an FA0.83Cs0.17Pb(Br0.4I0.6)3 thin film coated with a
PMMA layer, recorded over 6 h under light of intensity 190 mW
cm−2, wavelength 470 nm. The spectra are plotted on a composi-
tional axis determined from PL measurements, as described in
Section 7 of the Supporting Information. The low-energy, iodide-
rich PL peak has been captured by a Gaussian fit and removed
from the PL spectra. (b) XRD patterns recorded in situ at the same
time and on the same FA0.83Cs0.17Pb(Br0.4I0.6)3 film as the data
shown in (a). The patterns are plotted on an estimated bromide
compositional axis determined from data in literature reports,
which may be subjected to errors pertaining to A-site cation
movement, as described in Section 7 of the Supporting
Information. See Figure S3 for the behavior of the maximum
and mean values of the XRD signal, which shift and remain
relatively constant over time, respectively. The differently colored
data plots shown in (a, b) were taken at 1 h intervals, and similarly
colored plots in (a, b) correspond to measurements made at
approximately the same time. (c) The blue dots plot the peak
position of the PL signal shown in (a), and the orange circles plot
the peak position of the XRD signal shown in (b), both over 6 h of
illumination.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://dx.doi.org/10.1021/acsenergylett.0c02475
ACS Energy Lett. 2021, 6, 799−808

805

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02475?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02475?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02475?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02475/suppl_file/nz0c02475_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02475?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c02475?ref=pdf


would reduce the overall stability of the material against halide
segregation, hastening the formation of iodide-rich domains in
the bulk that lead to the ultimately observed low-energy PL
emission. As such, halide segregation in the FACs A-cation
mixed-halide perovskite would therefore proceed via a two-step
process initiated by A-cation segregation that ultimately
enables halide segregation. This multistep process appears to
be applicable to the whole bulk of the material and to present a
larger hurdle against halide segregation than that operational in
an equivalent MA-based perovskite.
In conclusion, by comparing simultaneous, in situ PL and

XRD measurements, we have elucidated differences in the
halide segregation mechanism between MAPb(Br0.5I0.5)3 and
FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskites. Overall, the different
structural and optoelectronic changes we observe following
illumination of the two types of mixed-halide perovskite
explain some of the strong variations in phase stability for
different mixed-halide perovskites reported in the literature.11

For MAPb(Br0.5I0.5)3, we conclude that the presence of fast
ionic pathways initially results in facile halide segregation in
specific subvolumes of material under illumination, with the
remaining volume of bulk phase maintaining its original mixed-
halide composition. Such specific, halide-segregated volumes
ultimately grow at the expense of the well-mixed bulk phase as
halide segregation proceeds, for example, by expanding away
from grain boundaries further into the bulk or by the fracturing
of crystalline domains, which enlarges the interface areas with
crystalline imperfections. In contrast, FA0.83Cs0.17Pb(Br0.4I0.6)3
exhibits large, concurrent changes occurring across the whole
bulk material, but only after a much longer illumination period
of comparable intensity. In particular, the change in shape and
peak position of the main (220) XRD diffraction peak of
FA0.83Cs0.17Pb(Br0.4I0.6)3 indicates a concurrent ionic rear-
rangement throughout the whole of the perovskite volume;
that is, unlike in the MAPb(Br0.5I0.5)3 perovskite, there appear
to be few fast ionic pathways that facilitate halide segregation
in localized regions. The lack of such fast ionic pathways in
FA0.83Cs0.17Pb(Br0.4I0.6)3 means that any phase segregation
must instead occur across the whole of the more resistant bulk
perovskite material, raising hurdles to these effects. Such an
absence of ionic pathways is likely caused by the
FA0.83Cs0.17Pb(Br0.4I0.6)3 material possessing superior crystal-
linity properties over the MAPb(Br0.5I0.5)3 perovskite. For
materials such as FA0.83Cs0.17Pb(Br0.4I0.6)3, their mixed A-
cation nature, while allowing for a high crystallinity that
suppresses halide segregation in the first instance, may
ultimately still be their Achilles’ heel, given that A-cation
segregation may subsequently trigger halide segregation in
turn. For such materials, further stabilization against halide
segregation may thus result if processing protocols can be
developed that further stabilize A-cation mixing. In addition,
we note that other factors may also contribute to the different
time scales required to induce halide segregation in MAPb-
(Br0.5I0.5)3 and FA0.83Cs0.17Pb(Br0.4I0.6)3 thin films, such as trap
state density.20 However, we conclude that the ionic pathways
available in a perovskite material are a key indicator of stability
against halide segregation. Our results therefore also highlight
the importance of bulk-sensitive measurements in determining
the susceptibility of a mixed-halide perovskite to halide
segregation and indicate that ionic mobilities, grain boundaries,
and crystallinity are key areas of research if completely phase-
stable materials are to be manufactured for photovoltaic
applications.
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