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Preventing phase segregation in mixed-halide
perovskites: a perspective

Alexander J. Knight and Laura M. Herz *

Mixed-halide perovskites are ideal materials for the demanding applications of tandem solar cells and

emission-tunable light-emitting diodes (LEDs) because of their high compositional flexibility and

optoelectronic performance. However, one major obstacle to their use is the compositional instability

some mixed-halide perovskites experience under illumination or charge-carrier injection, during which

the perovskite material demixes into regions of differing halide content. Such segregation of halide ions

adversely affects the electronic properties of the material and severely limits the prospects of mixed-

halide perovskite technology. Accordingly, a considerable amount of research has been performed

aiming to uncover the underlying mechanisms and mitigating factors of the halide segregation process.

Here we present a perspective of strategies designed to reduce the effects of halide segregation in

working mixed-halide perovskite devices, based on recent literature reports. We discuss a multitude of

mitigating techniques, and conclude that a combination of stoichiometric engineering, crystallinity

control and trap state passivation is clearly imperative for abating halide segregation. In addition, the

reduction of halide vacancies and control over illumination and temperature can, to a certain extent,

mitigate halide segregation. Less direct approaches, such as a change in atmospheric environment,

perovskite incorporation into a nanocrystalline composition, or direct control over the crystallographic

structure of the perovskite, may however prove too cumbersome to be of practical use. This perspective

paves the way for the design and creation of phase-stable, mixed-halide perovskite materials for

photovoltaic and LED applications.

Broader context
Lead-halide perovskites are leading candidates for a new generation of solar cells because of their high efficiencies, low cost and facile manufacturing methods.
In particular, the optoelectronic properties of mixed-halide perovskites can be tuned by altering their chemical composition, making them ideal for use in LEDs
with controllable output colour, or in efficient tandem solar cells. Unfortunately, under illumination or charge-carrier injection, some compositions of mixed-
halide perovskites suffer from a reversible phase instability problem known as ‘‘halide segregation’’, which limits the viability of this technology and remains a
largely unexplained mechanism. Here we review the vast literature on halide segregation in mixed-halide perovskites, with our focus on how halide segregation
may be impeded or prevented in such materials. We report on a myriad of techniques that improve the phase-stability of mixed-halide perovskites, some of
which have yet to be fully explored, and conclude that combining the most auspicious techniques will be necessary to prevent halide segregation in working,
real-world perovskite solar cells and LEDs. This work consolidates the research on halide segregation in mixed-halide perovskites, and highlights new and
promising areas of study, thereby paving the way for the creation of cheap, efficient perovskite solar cells for the utilisation of green energy.

1 Introduction

Metal-halide perovskites are unique among semiconductors in
their ability to accommodate large amounts of ion migration
and reorganisation and yet retain the excellent electronic
transport properties required of high-efficiency photovoltaic
and light-emitting devices.1–4 The combination of mechanical

flexibility and optoelectronic performance makes perovskite
materials extremely promising for commercial solar energy
harvesting and lighting applications.5–8 The flexibility of the
perovskite ABX3 structure allows for a degree of ionic mixing on
the crystal lattice sites, which can be used to tune the various
optoelectronic and structural properties of the perovskite.9–12

Of particular importance, the bandgap of the perovskite can be
easily tuned by altering the composition of the halide ions on
the X-sites of the crystal structure.13–17 High-performance,
bandgap-tunable materials are ideal ingredients for producing
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light-emitting diodes (LEDs) with a particular emission wave-
length, or for use in tandem solar cells where the overall
efficiency of two-terminal cells is highly sensitive to the band-
gaps of the two composite layers.18,19 Accordingly, mixed-halide
perovskites are already being implemented to great success as
layers in perovskite–silicon20,21 and perovskite–perovskite22–25

tandem solar cells, and in a range of LEDs with emission across
the entire visible spectrum.17,26 The mixing of halide ions on
the X-sites of the perovskite structure is key to the versatility of
this material, and will likely be integral for the commercialisa-
tion of perovskite device technology.

The biggest challenge currently facing the commercialisation
of perovskite-based devices is the instability of the perovskite
itself,27,28 especially when continuously exposed to oxygen,29–31

humidity,32–34 or light.14 Specifically for mixed-halide perovs-
kites, a peculiar process referred to as ‘‘halide segregation’’14 has
been found to be a major source of instability. Here, exposure to
above-bandgap illumination or charge-carrier injection results in
a loss of phase-stability and the separation of halide ions of
different type, causing the formation of inclusions of lower and
higher bandgap perovskite with a different halide composition
to the remaining well-mixed perovskite phase.14 The formation
of a spatially inhomogeneous bandgap under illumination or
current injection seriously limits the prospects of mixed-halide
perovskites for tandem solar cell and tunable LED applications.
Fortunately, several reports in the literature have elucidated
methods by which halide segregation may be mitigated in
mixed-halide perovskite materials, and it is the focus of this
perspective to analyse and review these approaches.

While X-ray diffraction (XRD)14,35 and absorption measure-
ments36–40 often suggest that only a small fraction of the
perovskite actually participates in halide segregation under
illumination (estimates go as low as B1%41), photolumines-
cence (PL) measurements14 and the performance of photovoltaic
devices41–44 are disproportionately affected. Such exacerbation of

deleterious effects results from the funnelling and concentration
of charge carriers into the phase-segregated regions of perovskite
which exhibit a lower bandgap than the rest of the material.
The PL emitted from the halide-segregated material therefore
typically displays a strong redshift and increased intensity,
making halide segregation easily detectable through PL even
for a low concentration of afflicted regions.14 Most puzzling,
however, is that the segregation of halide ions does not persist
once the perovskite is shielded from the illumination, with the
material eventually returning to its pre-illumination state under
darkness.14 It is now widely thought that excited charge carriers
drive the segregation process, given that halide segregation has
been observed in perovskite materials subjected to charge-carrier
injection even in the absence of light.26,42,43,45,46 It is further
believed that entropic mixing drives the recovery to the pristine
state upon the removal of the excitation source.39,47 However,
despite the large amount of research into the halide segregation
phenomenon, many facets of the process are still debated in the
literature and many questions remain as to the underlying
fundamental mechanisms that drive the process.

In this perspective, we focus our discussion on how halide
segregation may be prevented in mixed-halide perovskite
photovoltaic devices and LEDs, given that material stability is
a critical factor in the future commercial prospects of mixed-
halide perovskite technologies. Our discussion is primarily
based on the empirical evidence reported in the literature on
how both internal properties of the perovskite and external
conditions affect the extent to which segregation of the halide
ions is induced. In addition, we consider and discuss theoretical
ideas about the underlying halide segregation mechanisms in
order to supplement and explain these empirical results where
possible. We highlight three easily implemented methods with
strong impact on the stability of the material against halide
segregation, which are: changing the stoichiometry of the A-site
cation in the perovskite structure, improving the perovskite

Alexander J. Knight

Alexander Knight is in the final
year of his research programme
for a doctoral degree in
Condensed Matter Physics as
part of the EPSRC Centre for
Doctoral Training in New and
Sustainable Photovoltaics. He
received a First-Class Master of
Physics degree from the
University of Oxford in 2016.
His research interests lie in the
area of hybrid perovskites, solar
cell devices, semiconductor
photophysics, and laser

spectroscopy. He has recently published several research articles
focusing on the origins and effects of halide segregation in mixed
iodide–bromide lead perovskites.

Laura M. Herz

Laura Herz is a Professor of
Physics at the University of
Oxford where she has led a
research group since 2003. She
received her PhD in Physics from
the University of Cambridge in
2002 and was a Research Fellow
at St John’s College Cambridge
from 2001–2003. Her research
interests lie in the area of organic,
inorganic and hybrid semiconduc-
tors, including aspects such as
photophysical and nano-scale
effects, self-assembly, charge-

carrier dynamics, energy-transfer and light-harvesting for solar
energy conversion. Recently, she was awarded the Nevill Mott
Medal and Prize by the Institute of Physics and the Friedrich-
Wilhelm-Bessel Award of the Alexander-von-Humboldt Foundation.

Perspective Energy & Environmental Science



2026 | Energy Environ. Sci., 2020, 13, 2024--2046 This journal is©The Royal Society of Chemistry 2020

crystallinity, and reducing the trap state density within the
perovskite. To a lesser extent, a reduction in the density of
halide vacancies in the perovskite structure has also been
shown to mitigate halide segregation. Other methods that have
proven promising, but require further research, are identified
as: changing the stoichiometry of the B-site cation, altering the
incident illumination, and changing the perovskite tempera-
ture. Alterations in the perovskite crystallographic structure
could also theoretically help to mitigate halide segregation
but are difficult to achieve practically without affecting other
properties of the perovskite material. Structuring of the per-
ovskite into relatively insulated, nanocrystalline domains does
appear to mitigate halide segregation under certain conditions,
but also reduces the optoelectronic performance of devices
made from such perovskite materials. Unfortunately, achieving
the necessary balance between suppressing ion migration
and maintaining good electronic conductivity appears to be
extremely difficult in such nanocrystalline materials. Utilising a
Br/Cl ionic mixture on the X-sites of the perovskite structure
and changing the atmospheric environment of the perovskite
are concluded to be insignificant and/or impractical methods
to mitigate halide segregation. Overall, the breadth of these
investigations highlights the impressive quantity and potential
of factors available to mitigate halide segregation and indicates
the future scope of research to be done in this area. We
conclude that in order for halide segregation to be completely
prevented in working photovoltaic devices and LEDs, a combi-
nation of stoichiometric engineering, crystallinity control, and
trap state passivation will have to be implemented, which
conveniently comprise a set of factors already being investi-
gated in the pursuit of high device efficiencies.

2 Stoichiometric engineering

We commence by exploring how stoichiometric tailoring within
the ABX3 structure affects the propensity of a metal halide
perovskite towards halide segregation on the X-sites. In this
context, it is important to consider that any changes to the
constituents of the A-, B- and X-sites may also affect the
optoelectronic properties of the resulting perovskite material,
which limits the extent to which ingredients may be indepen-
dently tuned to limit halide segregation. In particular, the
composition of the ions on the B- and X-sites in the perovskite
structure directly influence the electronic energy states in the
conduction and valence bands, respectively,10,48,49 and so alter-
ing these components tunes the bandgap energy. Changing the
A-component does not directly affect the electronic energy
states at the band edge, but can have an indirect influence
on the bandgap energy by altering the degree of octahedral
distortions or inducing other structural changes.48

In the following, we discuss how changes in the A-cation,
metal B-cation and halide X-anion in turn affect the phase-
stability of the material against halide segregation. In order for
us to have a reference point, we generally attempt to compare
findings for particular compositions against those for the

archetypal perovskite MAPb(BrxI(1�x))3 (MA = CH3NH3
+) which

has been examined repeatedly in halide segregation studies and
is observed to segregate for halide ratios 0.2 o x o 1.14,38,50–55

Because most early reports on perovskite solar cells were based
on methylammonium lead halide perovskites,56–59 bandgap
tunability across the UV, visible, and near IR also initially centred
around MAPb(BrxCl(1�x))3

15,60,61 and MAPb(BrxI(1�x))3.13,14,62,63

Here, the latter Br/I perovskite is of particular interest, as it
offers bandgaps near 1.7 eV, the target for efficient two-
terminal tandem solar cells with silicon.64,65 Below, we com-
pare the stability of MAPb(BrxI(1�x))3 against that of other metal
halide perovskites with various ions or ionic mixtures incorpo-
rated onto the A-, B- and X-sites, and show how stoichiometric
engineering may be utilised to mitigate halide segregation in a
perovskite material.

2.1 A-site cation variation

Other than methylammonium (MA, CH3NH3
+), the A-site

cations typically implemented in metal halide perovskites for
photovoltaic devices and LEDs are formamidinium (FA,
CH(NH2)2

+), and caesium (Cs+). Halide segregation has been
observed in metal halide perovskite materials for a wide range
of different ions and ionic mixtures incorporated onto the
A-sites of the perovskite structure.9,14,16,21,52,66,67 However,
different perovskite compositions require different timescales
and excited charge-carrier densities for the effects of halide
segregation to emerge, and thus represent materials of differ-
ent phase-stability. In particular, FA/Cs and FA/MA/Cs metal
halide perovskites are observed to be significantly more resis-
tant against halide segregation than other perovskites, e.g. with
only MA on the A-cation sites. Below we discuss the phase-
stability of perovskites as the composition of the A-site cation
increases in complexity from neat MA, FA or Cs through to
triple- and quadruple-cation perovskites.

While MAPb(BrxI(1�x))3 has been found to segregate for
halide ratios 0.2 o x o 1,14,38,50–55 its neat FA and Cs counter-
parts exhibit comparable halide segregation only within the
narrower approximate compositional ranges 0.55 o x o 0.914,66

and 0.4 o x o 1,16,39,45,68 respectively, thus presenting slightly
improved stability ranges. Significant halide segregation has
also been reported for perovskites with a mixture of MA and
Cs incorporated into the perovskite lattice, specifically for
compositions Cs0.6MA0.4Pb(BrxI(1�x))3 (0.4 o x o 0.8)52 and
Cs0.1MA0.9Pb(Br0.4I0.6)3.42 However Bischak et al. reported that
the effects of halide segregation diminished in their
MAPb(Br0.86I0.14)3 perovskite microcrystals when a MA-to-Cs
cation exchange reaction was utilised to change the stoichio-
metry of the microcrystals to Cs0.39MA0.61Pb(Br0.85I0.15)3,
suggesting that some MA/Cs perovskite materials could poten-
tially be more phase-stable than their equivalent MA-only
compositions.69

Considerable success for mitigating halide segregation was
demonstrated early on by McMeekin et al., who showed that for
certain mixtures of FA/Cs, the material stability against halide
segregation was much enhanced compared to that of the
equivalent FA-only lead halide perovskites, across the entire
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bromide to iodide compositional range.70 Rehman et al.
followed on from this work by investigating the photo-
stability of FA/Cs perovskites as the ratio of FA to Cs is altered,
and concluded that a 20% Cs fraction on the A-cation site is
close to ideal for minimal halide segregation; see Fig. 1.9 Braly
et al. showed that while FA/Cs perovskites are much more
stable against halide segregation than their MA or MA/Cs
counterparts, and could withstand 1 sun intensity illumination
with no detectable halide segregation, a PL redshift was still
observed in the emission from their Cs0.17FA0.83Pb(Br0.34I0.66)3

films when exposed to high illumination intensities (B32 sun).42

Sutter-Fella et al. observed halide segregation in their
Cs0.17FA0.83Pb(BrxI(1�x))3 films under 50 mW cm�2 (B0.5 sun)
illumination for compositions x = 0.5 and x = 0.6, but not
for x o 0.5, a smaller compositional region of instability than
that of MAPb(BrxI(1�x))3.71 Similarly, Zhou et al. reported
on Cs0.17FA0.83Pb(BrxI(1�x))3 films that were observed to be
photostable over the course of minutes under 150 mW cm�2

(B1.5 sun) illumination for composition x = 0.27, but under-
went halide segregation for compositions x = 0.4, 0.5, and 0.6
under similar conditions.72

Triple-cation perovskites, with a mixture of Cs, MA, and FA
incorporated onto the A-sites of the perovskite structure, have
proven to be the most promising to date in terms of stability
against halide segregation. While halide segregation is still
observed in these triple-cation materials, the timescales
and photon doses required to cause significant halide ion
redistribution are often much greater than those needed to
cause equivalent segregation in single- or double-cation
perovskites.67,73,74 In particular, Andaji-Garmaroudi et al. noted
that the segregation process in their (Cs0.06MA0.15FA0.79)Pb(BrxI(1�x))3

perovskite films took 30 minutes to approach equilibrium, and
a photon dose three orders of magnitude higher than that
required to segregate typical MAPb(BrxI(1�x))3 films.67 Duong
et al. investigated the nature of halide segregation in
quadruple-cation, Rb0.05(Cs0.1MA0.15FA0.75)0.95Pb(Br0.33I0.67)3

perovskite films, in which the characteristic redshift of PL
was observed over the course of 12 hours under 2 sun
illumination,43 again suggesting a significant improvement in
photo-stability over typical MAPb(BrxI(1�x))3 films which may
segregate over the course of seconds to minutes under illumi-
nation intensities of 1 sun or lower.14

While engineering the composition of the A-site cation in
the mixed-halide perovskite crystal presents perhaps the most
promising method in which to completely prevent, or at
least slow the progression of, halide segregation in working
perovskite solar cells and LEDs, the reason for the changes in
photo-stability is still a matter of debate. One explanation
proposed is that the composition of the A-site cation is strongly
linked to the crystallinity and quality of the resulting perovskite
film,9,42,70,75 and therefore the choice of A-site cation has a
large influence on a number of factors that could possibly be
integral to halide segregation (perovskite crystallite size,
trap state density, grain boundaries, halide vacancies, etc.,
as discussed further below). For example, by investigating
MAyFA(1�y)Pb(Br0.4I0.6)3 perovskite films as the ratio of MA to
FA was tuned, Xie et al. were able to correlate the composition
of the A-site cation with both the crystallinity of the resulting
film and with the photostability of the perovskite against halide
segregation.75 Alternatively, Bischak et al. have suggested that
polaronic interactions (interactions between excited charge
carriers and the ionic perovskite lattice) are both the driving
factor behind halide segregation, and are affected by the
composition of the A-site cation in the perovskite crystal.54,69

Regardless of the underlying cause, given the observed strong
influence of the A-site cation on the photostability of the
perovskite, engineering the perovskite stoichiometry is clearly
an important tool for eliminating halide segregation from
metal halide perovskite materials.

2.2 B-site cation variation

While lead-based perovskites are the most commonly investi-
gated metal halide perovskites for optoelectronic applications,
variants incorporating tin onto the B-sites have also been
explored. Tin-based perovskites are of interest since tin has a
lower toxicity than lead, and mixed tin–lead iodide perovskites
offer bandgap tunability in the near-IR spectral range.11,12,22,25,76–84

With regards to halide segregation, partially replacing lead with
tin in the perovskite structure has been reported to have a
beneficial effect on the stability of the material, however the
amount of research on the subject is unfortunately still limited.
Yang et al. reported that a photovoltaic device incorporating
MAPb0.75Sn0.25(BrxI(1�x))3 exhibited, in comparison with a
MAPb(Br0.4I0.6)3 device, much less change in measured photo-
currents, transient absorption spectra, and XRD patterns83 over
tens of minutes under 1 sun illumination. The stability of the
25% tin composition was attributed to reduced levels of halide

Fig. 1 Work by Rehman et al. highlighting how changes of the FA/Cs ratio
on the A-cation sites of a lead halide perovskite affects the rate of halide
segregation under illumination.9 The main figure plots the average PL
photon energy hEphi over time for CsyFA(1�y)Pb(Br0.4I0.6)3 perovskite films
with y = 0.05, y = 0.2, and y = 0.6 under 100 mW cm�2 (B1 sun), 400 nm
illumination. For 20% Cs little energetic shift is observed, suggesting
negligible halide segregation. The inset shows the spectral evolution of
the PL emitted by the y = 0.6 sample. [Ref. 9] – Published by The Royal
Society of Chemistry.
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segregation resulting from the different properties of the
tin-halide as compared to the lead-halide bond. Unfortunately,
because the PL quantum efficiency of the tin-based device
was too low a PL spectrum could not be acquired over an
illumination period of 90 minutes under 1 sun, and it was
therefore impossible to confirm the extent to which halide
segregation had actually taken place in the tin-containing
films. In another study, Li et al. were able to acquire PL from
their CsPb0.75Sn0.25(Br0.67I0.33)3 perovskite (25% tin) films and
observed no redshift in the emitted PL when the sample
was held under illumination (at an unspecified intensity) for
15 minutes, suggesting phase stability against halide segregation.85

Under similar conditions, a small peak was observed to emerge
below the bandgap energy in the PL spectrum emitted from the
CsPb(Br0.67I0.33)3 lead-only perovskite counterpart, suggesting
that the replacement of lead with 25% tin had improved the
photostability of the perovskite, in agreement with the conclu-
sions of Yang et al.85

While incipient studies suggest that tin incorporation has a
beneficial effect on the stability of a perovskite material against
halide segregation,83,85 we note that other studies have
reported difficulties in forming tin-based perovskite samples
with good crystallinity,86–89 at least for certain lead–tin compo-
sitions. Given that crystallinity has a large impact on the
stability of a perovskite material against halide segregation
(see Section 3.1 below), it is likely that the effects of tin
incorporation on halide segregation are more multi-faceted
than existing reports suggest. Thus we recommend that further
research should be performed on the topic of halide segrega-
tion in tin-based perovskite materials before definite conclu-
sion are drawn on the subject.

Overall, while additional studies on the effect of B-metal
substitution on halide segregation would be highly useful,
incipient investigations suggest that partially replacing lead
with tin has a beneficial effect. The stability considerations of
hybrid lead–tin perovskites are especially important for per-
ovskite–perovskite tandem solar cell applications, where the
wide tunability of lead–tin, iodide–bromide perovskite systems
allows for the stacking of multiple layers with carefully tuned
bandgaps to yield matched photocurrents in double- or triple-
junction cells.22,23,25,90

2.3 X-site anion variation

As already mentioned above, the halide composition on the
X-sites of metal halide perovskites has a strong impact on their
propensity towards halide segregation, with compositions
in the central range (i.e. around 50% iodide : 50% bromide)
being particularly prone to segregation, and majority-iodide
perovskites generally reported as more stable than majority-
bromide.14,16 Therefore, one obvious method by which halide
segregation may be prevented is to push the halide ratio into a
stable region of the compositional space, which unfortunately
limits the range of bandgaps achievable. However, Bush et al.
demonstrated that by carefully tuning both the ratio of Cs to FA
on the A-site cation sites and the Br to I ratio on the X-site
cation sites, many compositions of perovskite could be

fabricated with a given target bandgap, but with differing
stability properties.49 In particular, devices with perovskite com-
positions of Cs0.25FA0.75Pb(Br0.2I0.8)3 and Cs0.4FA0.6Pb(Br0.3I0.7)3

were fabricated with bandgaps measured at 1.68 eV and 1.75 eV
respectively, and were found to be stable against halide segrega-
tion when illuminated for 10 minutes under 10 sun illumination
intensity. In contrast, perovskite films with similar bandgaps but
higher bromide contents were found to be unstable under 10
minutes of 0.1 sun illumination. Such careful tuning highlights
the key role that stoichiometric engineering will play in control-
ling the photostability of mixed-halide perovskite photovoltaic
devices and LEDs.49

While mixed bromide–iodide perovskites offer particularly
attractive bandgaps for tandem solar cell applications, combin-
ing chloride and bromide has been shown to tune the bandgap
(alongside quantum confinement effects in nanocrystals) in the
UV-visible region of 400–570 nm, making these materials
suitable for blue-green LEDs.15,17,26,46,91 However, some con-
flicting reports still exist in the literature as to the extent of
halide segregation in bromide–chloride lead perovskites.
Sadhanala et al. reported on a MAPb(Br0.4Cl0.6)3 perovskite
material with stable PL emission under white light illumination
of 1 sun intensity for 10 minutes, suggesting that minimal halide
segregation had occurred.15 However, multiple alternative studies
have instead reported apparent halide segregation for similar
bromide/chloride perovskites, such as MAPb(Br0.5Cl0.5)3,54,92

and CsPb(BrxCl(1�x))3 for the range 0.3 o x o 0.83,26,46,91,93–96

suggesting that the halide segregation mechanism is not limited
to mixed bromide–iodide systems, but can be found in bromide–
chloride systems as well.

2.4 Conclusions on stoichiometric effects

In conclusion, engineering the A-site cations in the perovskite
structure seems to be a powerful method for mitigating halide
segregation. Triple A-cation perovskites, with Cs, MA, and FA
incorporated into the perovskite structure, are observed to be
particularly stable,67,73,74 as are quadruple A-cation perovskites
which additionally include Rb ions.21 Altering the composition
of the B-site ions from Pb to a Pb0.75Sn0.25 mixture has also
shown a promising increase in photostability,83,85 however
further research is required to fully explore the possibility
of photostable lead–tin perovskites, and the compositional
lead–tin range over which this may apply. Finally, replacing
all iodide at the X-anion sites with chloride does not appear to
significantly improve the stability of the perovskite against
halide segregation.15,26,46,91–96 Careful tuning of the overall
stoichiometric space therefore emerges as a powerful tool
towards suppression of halide segregation for a given target
bandgap.

3 Crystallinity control
3.1 Increased crystallinity

There is a compelling body of literature evidence that metal
halide perovskite films with better crystallinity (i.e. films with a
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larger average crystal grain size) are more stable against halide
segregation.9,42,53,72,75 Analysis of comparable perovskite films
made via slightly different processing methods has revealed a
clear impact of crystalline quality on the propensity of the
material to commence halide segregation under illumination.
In one such study, Hu et al. showed that deposition of
MAPb(Br0.27I0.73)3 perovskite films on a non-wetting, poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) surface yielded
larger grain size and improved photostability than those of films
deposited on a poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) surface.53 Depositing a thicker perovskite
layer on PTAA, on the other hand, reduced the beneficial effect
of the non-wetting surface, resulting in the growth of smaller
perovskite crystal grains, which again led to faster halide
segregation.53 In another study, Braly et al. examined photo-
voltaic devices incorporating FA0.83Cs0.17Pb(Br0.34I0.66)3 and
found that a perovskite annealing step of 165 1C for 50 minutes
resulted in much improved crystallinity and photostability
as compared to an annealing step of 75 1C for 10 minutes.42

Zhou et al. demonstrated that the addition of small amounts of
(CsI)0.17(FAI)0.83[Pb(SCN)2 + 3FAI](1�1.5x)[Pb(SCN)2 + 3FABr]1.5x

to their Cs0.17FA0.83Pb(BrxI(1�x))3 perovskite precursor solution
prior to spincoating resulted in larger crystal grains and
improved photostability of the resulting perovskite films.72

However, Zhou et al. also proposed that the additive passivated
trap states and altered the nature of the grain boundaries in the
perovskite films, leaving unclear whether the larger perovskite
crystal grains themselves resulted in the improved photo-
stability.72 Rehman et al. investigated correlations between
crystallinity and photostability in CsyFA(1�y)Pb(Br0.4I0.6)3 per-
ovskite films as a function of caesium content, y, for the range

between 0 and 0.6. This study clearly demonstrated that good
material crystallinity (indicated by the width of X-ray diffraction
peaks and the charge-carrier mobilities and lifetimes) led
to improved photostability against halide segregation.9 The
evidence in the literature therefore either directly or indirectly
points to perovskite film crystallinity being a critical factor in
controlling and preventing halide segregation.

The exact reason why a larger grain size is correlated with
greater photostability of mixed-halide perovskites is still a
matter of debate. However, films with larger crystal grains
necessarily have a lower grain boundary density, and several
groups have reported low-bandgap domains forming during
halide segregation to be clustered around grain boundaries, e.g.
in MAPb(BrxI(1�x))3

54,97 and CsPb(BrxI(1�x))3
68 perovskite films.

In particular, Tang et al.97 and Li et al.68 only observed halide
segregation to occur at the grain boundaries of MAPb(Br0.3I0.7)3

and CsPb(Br0.67I0.33)3 films, respectively, while PL spectra taken
from the grain centres were stable, suggesting that grain
surfaces are integral for the halide segregation mechanism –
see Fig. 2. These findings show that an improvement in the
crystallinity of a perovskite film reduces the density of grain
boundaries, which may in turn offer fewer nucleation points
for the formation of halide-segregated regions, or reduce
the efficacy of the segregation mechanism. There are several
reasons why grain boundaries may induce halide segregation in
mixed-halide perovskites. First, ionic motion has been reported to
be particularly fast along grain boundaries in single-halide98–101

and multi-halide102 perovskites, which may suggest that halide
segregation is particularly effective at grain boundaries because
of the increased mobility of the halide ions in these regions.
Second, trap state density has also been correlated with halide

Fig. 2 Work by Tang et al. highlighting how stability against halide segregation differs between the grain centres and boundaries of a MAPb(Br0.3I0.7)3
perovskite thin film.97 (a) and (b) Topography of the film, with regions of interest circled as grain centres (regions i–iii) or grain boundaries (iv–vi). Plotted is
the emitted PL from each region while individually illuminated under 500 000 mW cm�2 (B5000 sun), 636 nm illumination for 10 minutes. Only the PL
emitted from the grain boundaries shows signs that halide segregation is occurring, through the emergence of redshifted features. Reprinted with
permission from [ref. 97]. Copyright 2018, American Chemical Society.
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segregation,68,97,103–105 as discussed in more detail in Section 4
below. Therefore, while the exact nature of trap states located at
grain boundaries is still being debated,106,107 grain boundaries
in the perovskite film may associate with halide segregation by
simply being locations that contain a high density of traps.
Finally, grain boundaries may be areas that relieve lattice strain
caused by the ion redistribution inherent in the halide segrega-
tion process, thereby reducing the energetic barrier to the
segregation of the halide ions.9,71 Through this mechanism,
perovskite films with better crystallinity and lower grain bound-
ary density would be less accommodating to halide segregation
and would therefore be more stable.

From the above considerations, it would at first appear that
single crystals of mixed-halide perovskite represent ideal envir-
onments in which to study how grain boundaries (or the lack
thereof) affects halide segregation. However, it is important to
note that single crystals have surfaces that have been reported
to be highly defective108 and that techniques used to study halide
segregation are often highly surface-sensitive. It is therefore
perhaps not surprising that literature reports on halide segrega-
tion in perovskite microplatelets and macro-sized single crystals
are largely inconsistent. While it is generally agreed upon that
halide segregation can occur in both MAPb(BrxI(1�x))3

14,69,109,110

and CsPb(BrxI(1�x))3
105 mixed-halide perovskite microplatelets

(single crystals with dimensions of the order of micrometres to
tens of micrometres), there is disagreement on the locations
where segregation occurs. While some reports have suggested
that under illumination, iodide-rich perovskite domains
form almost exclusively at the microplatelet surfaces,110 others
conclude conversely that the iodide-rich domains can form
anywhere within the microplatelet crystals.69,109 For truly
macro-sized single crystals, there are still only a few reports on
the occurrence of halide segregation, and these are, unfortu-
nately, also somewhat contradictory. Tang et al. presented
PL spectra taken from millimetre-sized MAPb(Br0.3I0.7)3 single
crystals that showed no signs of an emission shift over the course
of minutes under 100 mW cm�2 (B1 sun) illumination,97

suggesting the absence of halide segregation. Conversely, Byun
et al. observed significant halide segregation in their millimetre-
sized, bromide-rich, MAPb(BrxI(1�x))3 perovskite single crystals over
tens of minutes, albeit under a significant illumination intensity of
50 000 mW cm�2 (B500 sun).111 In general, it is therefore difficult
for solid conclusions to be drawn from the literature on the extent
to which halide segregation is suppressed in perovskite single
crystals, and we note that there remains significant scope for
further research to be carried out on this subject.

In summary, literature reports highlight the crystallinity of
the perovskite as a key parameter for the mitigation of halide
segregation, with an increasing body of evidence suggesting
that grain boundaries are important, or even integral, to
triggering segregation.68,73,97,110 However, major questions
remain as to the mechanism linking grain boundaries to halide
segregation. Possible explanations are that grain boundaries
represent regions of high ionic mobility,98–102 that the lattice
strain induced by the segregation of halide ions can be relieved
at grain boundaries,9,71 and that grain boundaries represent

regions of high trap density, which is itself linked to halide
segregation68,97,103–105,112 (see Section 4 below). Regardless
of the underlying mechanism, the management of grain
boundaries through the crystallinity of perovskite thin films
represents a critical control factor over halide segregation for
device manufacturers.

3.2 Nanocrystalline films

Interestingly, a number of research studies have suggested
that the photostability of mixed-halide perovskite films
composed of nanocrystals is much improved compared to that
of standard bulk polycrystalline materials.39,52,113,114 Such
apparent suppression of halide segregation in nanocrystalline
materials is surprising at first, given that the previous sections
detailed how a propensity for halide segregation normally
correlates with low levels of crystallinity. However, the Kuno
group proposed that the reduction of halide segregation in
nanocrystal films derives from the suppression of charge-
carrier diffusion.39 Restricting the spatial freedom of excited
charge carriers makes it less likely for them to channel into the
forming low bandgap regions of the perovskite, where they may
stabilise such regions or increase their size39 – see Fig. 3. Such a
mechanism is thus specific to the nature of films made directly
from solution pre-cursors which contain small perovskite
nanocrystals. For this preparation method, nanocrystals are
usually decorated with surface ligands that confer solubility
and passivate surface states. Upon casting of a nanocrystalline
film, surface ligands initially remain, unless a ligand exchange
reaction is successfully carried out and/or the film is sintered
leading to the fusion of nanocrystals into a nanoporous but
relatively continuous perovskite solid.115–119 Nanocrystalline
perovskite films may therefore differ substantially by the extent
to which insulating material between individual crystals limits
both the movement of ions and excited charge carriers.120

The restriction of ionic and charge-carrier movement in nano-
crystalline films is in contrast to normal polycrystalline
perovskite films in which grain boundaries typically do not
obstruct carrier motion significantly. Therefore, the degree to
which halide segregation in such nanocrystalline films can be
suppressed may also vary widely depending on film treatments
following the casting from nanocrystal solutions.39,113

We note in particular that nanocrystalline films fabricated
with suppressed halide segregation in mind, and therefore
hindered charge-carrier migration between perovskite domains,
may not be ideal for optoelectronic device applications whose
efficiency relies on excellent long-range charge-carrier transport
across the film. Perovskite nanocrystalline films are commonly
utilised for LED applications,7,15,17,26,45,46,91,121,122 whose emission
colour can be easily tuned either through the nanocrystal size, or
the chemical composition of the perovskite,7,15,17,26,45,46,91,121,122

and some nanocrystalline films have also been utilised in photo-
voltaic devices.116,117 While some level of insulation between
adjacent nanocrystals in thin films leads to stability improve-
ments and better quantum confinement control over the emitted
PL wavelength, sufficiently long range charge-carrier transport
is still essential. Therefore, our below examination of the
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literature concludes that while limiting the spatial freedom of
excited charge carriers in mixed-halide perovskite materials
does indeed inhibit halide segregation in thin nanocrystal
films, this strategy cannot by design be applied to high perfor-
mance perovskite optoelectronic devices.

To elucidate the reasons for the reported39,52,113,114 suppres-
sion of halide segregation in nanocrystal films, the Kuno
group suggested the concomitant reduction in charge-carrier
diffusion lengths as the cause,39,123 given that the accumula-
tion of photoexcited charge carriers in low-gap regions have
been blamed for perpetuating halide segregation.42,43,54,69 In
this study, Draguta et al. fabricated separate CsPb(Br0.5I0.5)3

thin bulk polycrystalline films and nanocrystal films (nano-
crystal dimensions B10 nm), with the bulk polycrystalline
films displaying signs of halide segregation when held under
60 mW cm�2 (B0.6 sun) and the nanocrystal films remaining
stable unless held under extremely high excitation intensities
(B500 W cm�2, 5000 sun), see Fig. 3.39 Similarly, Wang et al.
observed stable PL from their nanocrystal guest–host compo-
site films – comprised of B7.5 nm sized CsPb(BrxI(1�x))3

perovskite nanocrystals dispersed in a Cs4Pb(BrxI(1�x))6 non-
perovskite matrix – across the entire Br–I range when held
under 300 mW cm�2 (B3 sun) for several hours.114 Xiao et al.
compared Cs0.6MA0.4Pb(BrxI(1�x))3 films created with and

without the incorporation of n-butylammonium, an organic
ligand that occupied the grain surfaces of the perovskite
and limited the diffusion of halide ions and charge carriers
between the small (dimensions B10 nm) crystal grains inside
the film.52 Xiao et al. found that while bulk polycrystalline
Cs0.6MA0.4Pb(BrxI(1�x))3 films showed signs of halide segregation
under 1 sun illumination over 20 minutes for 0.4 o x o 0.8,
films whose grain size was limited by BA incorporation remained
stable for 8 hours under 1 sun illumination across the entire
compositional range.52

The above work demonstrates that separating a perovskite
film into nano-scale, highly insulated domains increases the
stability of the material against halide segregation under illu-
mination. However, a further survey of the literature suggests
that such films are impractical to use in optoelectronic devices
because they offer insufficient long-range charge-carrier trans-
port between the domains. Efficient LEDs based on nanocrys-
talline mixed-halide perovskite films indeed appear not to
share the phase-stability of films formed of small, completely
insulated perovskite domains. Reports on CsPb(BrxCl(1�x))3

26,46,93–95

and CsPb(BrxI(1�x))3
26,45 nanocrystalline perovskite films optimised

for LED applications have demonstrated the clear presence of
halide segregation under various illumination and/or current
injection conditions. In such LED nanocrystalline films a

Fig. 3 Data presented by Draguta et al. showing the stability of films made from perovskite nanocrystal solutions versus that for standard polycrystalline
thin perovskite films.39 (a) and (b) Evolution of the PL emitted from both a CsPb(Br0.5I0.5)3 perovskite thin film (a) and a nanocrystal film (b) under
60 mW cm�2 (B0.6 sun), 405 nm illumination. (c) The tracked PL peak position from (a) and (b), highlighting that only the bulk thin film experienced a PL
redshift and halide segregation. (d) Theoretically predicted phase diagram of the photostability of MAPb(BrxI(1�x))3 perovskites as a function of illumination
intensity (Iexc) and excited charge-carrier diffusion length (le/h). Reprinted from [ref. 39]. Copyright 2017, Nature Publishing Group.
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redshift of the EL or PL emission spectrum is observed to occur
over the course of seconds45 to tens of minutes26,45,46 depending
on the excitation conditions and perovskite chemical composition.
Similarly, a number of reports show that sintering phase-stable
mixed-halide nanocrystal perovskite films – thereby increasing the
size of and interconnecting crystalline domains – reduces the
phase stability and allows halide segregation to proceed.39,113 Thus
only severe electronic isolation appears sufficient to suppress
halide segregation in mixed-halide nanocrystal films.

In conclusion, while insulated, nanocrystalline perovskite
domains are stabilised against halide segregation by the inhibition
of charge-carrier and ionic motion, such lack of long-range transport
would render optoelectronic devices inefficient. Careful balancing
may potentially create nanocrystalline films that somewhat mitigate
halide segregation while just about retaining the long-range charge-
carrier transport properties required for optoelectronic devices.
However we consider this to be too challenging a method by which
to produce mixed-halide perovskite materials with long-term phase
stability for efficient optoelectronic devices.

4 Charge-carrier extraction and
injection and trap state passivation

There is now sufficient consensus in the literature that excited
charge carriers – generated either from photoabsorption or
current injection – are the driving factor behind the halide
segregation mechanism.26,42,43,45,46 Halide segregation may
therefore be controlled by manipulating the charge-carrier
density within the perovskite, e.g. by altering charge-carrier

extraction or injection, or the recombination dynamics.
For example, Duong et al. showed that increasing the rate
of charge-carrier extraction from photovoltaic devices based
on quadruple-cation Rb0.05(Cs0.1MA0.15FA0.75)0.95Pb(Br0.33I0.67)3

perovskite significantly reduced the amount of halide segrega-
tion observed.21 Perovskite solar cells may therefore be more
stable under working conditions, when significant current
extraction takes place, than would be expected from simple
photoluminescence measurements on corresponding perovs-
kite films in the absence of charge-extraction layers.

Several studies have linked trap-mediated recombination
of excited charge carriers with halide segregation, highlighting
trap passivation as a viable method to mitigate halide
segregation.73,104,105,124–126 A myriad of different passivating
agents have been linked to the reduction or prevention of halide
segregation, including: trioctylphosphine oxide,104 potassium
iodide,73 potassium bromide,126 polymethyl methacrylate
(PMMA),105 triiodide (I3

�) molecules (minor effects),124 and
benzylamine molecules (minor effects).125 However, we note that
the incorporation of a trap passivation agent into a perovskite film
often also alters other material properties, such as the nature of
grain boundaries and the ion migration channels, which are
themselves linked to halide segregation. Abdi-Jalebi et al. showed
that the changes in (Cs0.06MA0.15FA0.79)Pb(BrxI(1�x))3 perovskite
films resulting from halide segregation over 30 minutes under
60 mW cm�2 (B0.6 sun) illumination were almost entirely
prevented for all halide ratios by the addition of potassium
iodide to the perovskite precursor solution prior to the deposi-
tion of the films; see Fig. 4.73 The added potassium iodide was
assumed to provide an excess of iodide that passivated trap

Fig. 4 Data presented by Abdi-Jalebi et al. highlighting the effects of a potassium iodide passivating agent on the photostability of
(Cs0.06MA0.15FA0.79)Pb(BryI(1�y))3 perovskite films.73 (a) External PL quantum efficiency over time under illumination (60 mW cm�2, B0.6 sun, 532 nm)
for 4 perovskite films with different ratios of potassium iodide to A-site cations (x) added to the perovskite precursor solutions. The external PL quantum
efficiency increases in perovskite films undergoing halide segregation due to the funnelling and concentration of excited charge carriers in the forming
regions of low-bandgap perovskite. (b) PL spectra observed over 30 minutes for a (Cs0.06MA0.15FA0.79)Pb(Br0.6I0.4)3 film with no passivating agent (x = 0)
under the same illumination conditions as in (a). (c) and (d) PL spectra over 30 minutes for perovskite films with varying halide content (y = 0.6 (c), y = 1,
0.6, 0.4 (d)) and varying amounts of passivating agent added (x = 0.4 (c), x = 0.4, 0.1, 0.4 (d)) under the same illumination conditions as in (a). Reprinted by
permission from Springer Nature: Nature [ref. 73], 2018.
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states resulting from halide vacancies and reduced the halide
ion mobility. The potassium ions were shown to accumulate at
the grain surfaces of the perovskite, passivating more trap
states and limiting halide ion movement in these regions.73

In general, passivating agents represent a powerful method to
control halide segregation in perovskite materials, capable of
reducing halide segregation on more than one front, e.g. by
passivating trap states and also potentially altering ion migra-
tion pathways and mobilities. The disadvantages of using such
passivating agents mostly stem from the challenges in finding
suitable agents, and incorporating the agent into the perovskite
film via an appropriate processing method. Additionally, many
additives produce side effects that can harm the perovskite
material properties – such as charge-carrier transport across
grain boundaries – resulting in a sweet spot in the concen-
tration of the additive that must be found in order to optimise
the overall optoelectronic performance of the perovskite.73 The
discovery and fine-tuning of effective additives for the mitiga-
tion of halide segregation is therefore a direct, but complex,
target for the production of stable mixed-halide perovskite solar
cells and LEDs.

Several reports have suggested that the link between trap
passivation and halide segregation stems from charge carriers
caught in localised trap states or at grain boundaries driving
the halide segregation mechanism.68,97,103–105,112 In particular,
in a recent study we tuned the charge-carrier recombination
dynamics in a MAPb(Br0.5I0.5)3 perovskite film from the trap-
mediated recombination regime under low illumination inten-
sities to the radiative recombination regime under high
intensities,103 and observed the effect on halide segregation.
By examining illumination periods of identical total photon
dose, but stretched over different time durations, we were able
to show that a higher fraction of trap-mediated recombination
in the perovskite resulted in greater halide segregation.103

Through quantitative modelling we were thus able to explain
past literature findings on how different illumination condi-
tions can affect the rate of halide segregation.103,127 As
an explanation for these effects, we have, alongside others,
suggested that electric fields generated by excited charge
carriers caught in localised trap states or at grain boundaries
in the perovskite may be the cause of the observed ionic
movement and subsequent halide segregation.68,97,103–105,112

In this mechanism, the electric field generated between holes
funnelled into nascent low-bandgap regions of the perovskite,
and electrons trapped in localised defect states then provide
the driving force for halide ion transport and segregation.

These considerations demonstrate the feasibility to improve
the phase-stability of a mixed-halide perovskite by simply
manipulating the recombination dynamics into the radiative
recombination regime, thus reducing the fraction of charge
carriers that are caught in trap states. For example, Yang et al.
exposed MAPb(Br0.57I0.43)3 perovskite films to pulsed laser
illumination at various pulse fluences, with the repetition rate
of the illumination also changed in order to keep the average
illumination intensity constant across the whole experiment.127

A lower extent of halide segregation occurred at higher pulse

fluences since these created a high initial charge-carrier
density, leading to a predominance of radiative bi-molecular
over trap-mediated monomolecular recombination.103 We note
that pulsed charge-carrier generation in photovoltaic applica-
tions is not particularly feasible, given that illumination from
the sun has a relatively continuous intensity. However, for
mixed-halide perovskite LEDs, pulsed charge-carrier injection
may prove a highly promising concept to lower the fraction of
charge carriers undertaking trap-mediated recombination
and therefore improving the phase-stability of the perovskite
material. We note that such pulsed charge-carrier injection into
LEDs has further beneficial side-effects, such as raising the
radiative efficiency of the device and reducing heat generation
that is in itself a source of instability.

In conclusion, phase segregation in mixed-halide perovskites
can clearly be manipulated through a tuning of charge-carrier
recombination, extraction and injection rates. Charge-carrier trap-
ping has been linked to the halide segregation process,68,97,103–105

possibly through the electric fields these stationary charges
generate. Therefore a reduction in trap-mediated recombination
through either extraction of charge carriers via an electrical
circuit,21 or trap passivation,73,104,105,124–126 or by utilising pulsed
charge-carrier injection127 is effective at decreasing the extent of
halide segregation.

5 Atmospheric effects

Environmental conditions such as changes in humidity or
immersion of the perovskite into different gases are expected
to affect the halide segregation mechanisms in mixed-halide
perovskites, for a range of reasons. First, environmental con-
ditions have previously been shown to alter the nature and
distribution of trap states in metal halide perovskites.29,103,128–135

Second, Brenes et al. suggested that halide vacancy sites may be
filled by superoxide molecules (O2

�) formed from the reaction
between oxygen and excited electrons,128 which may interfere with
the halide ion migration pathways in the perovskite structure.123

Given our discussion in the previous section, which links trap
states and ion migration to halide segregation, one would there-
fore expect the atmospheric environment to have an indirect
impact on the extent of phase segregation.

There is indeed ample evidence in the literature for atmo-
spheric effects on halide segregation, however most of it is
inconsistent, which could derive from differences in material
morphology, composition or experimental conditions between
studies. Citing the trap-passivating and vacancy-filling nature
of oxygen as the cause, Fan et al. reported greater stability
against halide segregation – and even recovery from halide
segregation while still under illumination – for MAPb(BrxI(1�x))3

films immersed in a pure oxygen atmosphere, in contrast to a
nitrogen-based atmosphere.136 Conversely, Ruf et al. observed
significantly more halide segregation in (Cs0.05MA0.16FA0.79)-
Pb(Br0.17I0.83)3 perovskite photovoltaic devices under B1 sun
illumination and an applied AC bias (sinusoidal, amplitude
0.5 V, frequency 990 Hz) when the samples were held under an
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80% relative humidity, oxygen environment as compared to air
or nitrogen environments with a similar relative humidity
level.74 Other studies have not necessarily agreed on the effect
of oxygen on halide segregation, reporting only minor changes
in the speed of halide segregation in perovskite samples held
under ambient air as compared to inert nitrogen103 or helium67

atmospheres. Therefore, the effect of an oxygen atmosphere on
halide segregation is still somewhat debatable.

For measurements of halide segregation in perovskites held
under vacuum, Tang et al. reported near-identical changes in
the Fourier-transform photocurrent spectra taken from
MAPb(Br0.3I0.7)3 photovoltaic devices when held under vacuum
or air.97 However, we observed what could be identified as
reduced amounts of halide segregation in MAPb(Br0.5I0.5)3

films held under vacuum instead of nitrogen or air, see
Fig. 5.103 We note that such differences may also in part be
related to the presence of additional layers (such as encapsu-
lant, or charge-extraction layers in a devices) which may act as
partial barriers to gas exchange with the active perovskite
layer.103

Finally, with regards to water vapour, Ruf et al. observed faster
segregation rates in their (Cs0.05MA0.16FA0.79)Pb(Br0.17I0.83)3 per-
ovskite photovoltaic devices under illumination (B1 sun) and an
AC bias (sinusoidal, amplitude 0.5 V, frequency 990 Hz) when the
devices were exposed to air with 80% relative humidity as opposed
to air with 23% relative humidity.74 Howard et al. observed a
redshift of the PL emission from CsyFA(1�y)Pb(Br0.38I0.62)3 films
when the perovskite was held under a humid air environment.137

The redshift was observed to increase with the relative humidity
level, and recovered when the relative humidity was reduced. The
PL measurements were made with minimal light-soaking (0.015 s
at 6000 mW cm�2, B60 sun) on timescales significantly shorter
than the several seconds to minutes typically required for halide
segregation to take place, and so Howard et al. suggest that the PL
emission redshifts were caused by humidity-induced halide
segregation.137 However further work must be done to determine
if the observed PL peak shifts were indeed the result of halide ion
movement, or some reversible, humidity-caused chemical or
structural changes to the perovskite, as have been observed
elsewhere.138,139

Fig. 5 Atmospheric dependence of spectral shifts resulting from light-induced halide segregation in MAPb(Br0.5I0.5)3.103 Films were subjected to
8 periods of 15 s-long illumination at 60 mW cm�2 (B0.6 sun) intensity and 400 nm wavelength under different atmospheric conditions. All consecutive
illumination periods were separated by 30 minutes in darkness (indicated by the grey zones). The solid blue lines indicate the average intensity of the
emitted below-bandgap PL (integrated from 720–770 nm) attributed to iodide-rich phases, and the solid green lines indicate the average intensity of the
initial mixed-phase perovskite PL (integrated from 640–690 nm). The averages were taken over several experimental runs on fresh sections of perovskite.
The shaded blue and green regions indicate the values within one standard deviation of their respective averages. (a) Perovskite films held under vacuum
(B0.2 mbar). (b) Films held under ambient air. (c) Films held under pressurised nitrogen (B2 bar). (d) Films topped with a layer of PMMA and held under
vacuum (B0.2 mbar) Reprinted with permission from [ref. 103], 10.1021/acsenergylett.8b02002. Further permissions related to the material excerpted
should be directed to the ACS.
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In summary, the effects of the atmospheric content on
halide segregation in mixed-halide perovskites are generally
reported to be minor,67,97,103 although the conclusions of some
reports suggest more significant effects that warrant further
research.74,136,137 We note that the somewhat incongruous
nature of the literature regarding atmospheric effects on halide
segregation may stem from several different effects. One pro-
blem is that the property of the perovskite being monitored as a
measure of halide segregation (usually the emitted PL from the
perovskite) is often not only affected by halide segregation
itself, but also independently influenced by the environmental
atmosphere.103 In addition, subtle differences in material
morphology and crystallinity may result in an inconsistency
of results between groups, particularly if the atmospheric
effects are subtle, or dependent on the defect density originally
present. Finally, the effects of atmosphere on the photolumi-
nescent properties of perovskite can be moderated or delayed
in the short term by coating the perovskite film with a thick
encapsulant layer, such as polymethyl methacrylate (PMMA)
(Fig. 5d),103 or with the charge-carrier transport and contact
layers of a device architecture.112 These encapsulant layers may
in turn affect comparability of measurements based on films in
free space with those embedded in devices structures. In
conclusion, some further work will be required before the
direct influence of atmosphere on halide segregation can be
fully understood. However, given that commercial perovskite
photovoltaic devices and LEDs will likely be encapsulated and
held in air, whether or not halide segregation can be mitigated
by holding the perovskite material under an exotic atmosphere
may not be of the utmost relevance for this technology.

6 Management of halide ion vacancies

Preparation of mixed-halide perovskites with a stoichiometric
excess of halide ions is another well-explored method for the
prevention of halide segregation.38,73,123,124,126 Here, the aim is
a reduction in the density of halide vacancies in the material in
order to suppress the mobility of halide ions that the segrega-
tion process relies on. Halide ion movement in perovskite
materials is thought to occur predominantly through a nearest-
neighbour hopping mechanism via vacant corresponding lattice
sites in the perovskite crystal.36,38,123,140 Therefore, vacant halide
lattice sites are integral for both halide mobility and the halide
segregation mechanism, and altering the nature and density of
halide ion vacancies in the perovskite is a potential method of
improving perovskite photostability.

Experimentally, this approach has found good success,
albeit sometimes at the expense of degrading other material
properties. Both Barker et al.38 and Ruth et al.123 explored the
link between halide ion vacancies and halide segregation and
observed that a reduction in halide vacancies suppressed the
extent of halide segregation. However, if the halide ion density
was taken too far away from the stoichiometric ideal, the
material properties of the perovskite were frequently found to
suffer. Barker et al. prepared nominally MAPb(Br0.6I0.4)3 films

with a 1 : 5 ratio of lead to halide ions (thus providing a halide
ion excess), which they compared with films made from a more
stoichiometric 1 : 3 ratio of lead to halide ions.38 The films
created with a halide excess showed improved stability under
B20 mW cm�2 (B0.2 sun) illumination compared to the
stoichiometric films, according to measurements of PL and
photothermal deflection spectra. However, the incorporation of
excess halide was also found to turn the material more
bromide-rich because of the preferential binding of lead to
bromide (as compared to iodide),75,141 leading to blueshifts in
the PL emission peak and absorption edge.38 Ruth et al. found
that the speed at which halide segregation occurred in
MAPb(Br0.4I0.6)(3�y) films increased as the halide content was
reduced from excess (y o 0) to deficiency (y 4 0). However, we
note that the bandgap and crystallinity of their samples were
also both significantly affected by the halide content, meaning
that changes in crystallinity may also have influenced the
halide segregation rates (see Section 3.1 above).123 Ruth et al.
also performed Monte-Carlo simulations of the halide segrega-
tion process in modelled MAPb(Br0.5I0.5)(3�y) systems with
varying levels of halide ion deficiencies, y. The results of the
Monte-Carlo simulations were found to match qualitatively
with the experimental work, with faster modelled segregation
rates correlated with higher halide ion vacancy densities.123

Based on these first studies set by Barker et al. and
Ruth et al., others have explored excess halide incorporation
directly for perovskite photovoltaic and LED applications, with
a good deal of success.73,124,126 As mentioned above in Section 4,
Abdi-Jalebi et al.73 and Yang et al.126 incorporated similar
potassium iodide and potassium bromide passivating agents
into (Cs0.06MA0.15FA0.79)Pb(BrxI(1�x))3 polycrystalline films and
CsPb(BrxI(1�x))3 nanocrystalline films, respectively. Both
reported that significant improvements in the stability of the
perovskite material against halide segregation occurred as the
excess halide ions reduced the number of halide vacancies.
However, trap and surface passivation by the potassium ions
accompanied these changes, which unfortunately makes it
difficult to evaluate the true effect of the halide ion excess.
Importantly, there appeared to be no significant detrimental
effect on the perovskite material from the inclusion of excess
halides in the precursor solutions. Interestingly, Balakrishna
et al. observed only minor stability improvements against
halide segregation in MAPb(Br0.5I0.5)3 perovskite when an I3

�

additive was added to the precursor solutions,124 indicating
that while a halide excess alone will improve the stability of a
perovskite material to halide segregation, it is unlikely to
eliminate halide segregation completely.

In summary, a reduction in halide vacancies has been sug-
gested theoretically123 and shown experimentally36,38,73,123,124,126

to affect the rate of halide segregation in mixed-halide
perovskites. The main caveat to note is that other properties
of the perovskite material are often also inadvertently altered by
incorporation of excess halide in the precursor solutions, which
can be either beneficial73 or detrimental38 for optoelectronic
applications. Finally, we caution that the given formation
energy of defect states in perovskite materials will always result
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in a finite population of halide vacancies at room temperature.
Therefore, basic thermodynamic considerations dictate that
vacancy-mediated halide ion transport can never be completely
eliminated through the incorporation of excess halide ions. In
addition, halide ion motion can, to a certain extent, progress
even in the absence of halide vacancies. Overall, we conclude
that while a reduction in halide vacancy density will lower
halide segregation in mixed-halide perovskites, it is unlikely to
yield completely phase-stable materials unless used in tandem
with some of the other approaches discussed in this Perspective.

7 Regulating illumination

The illumination falling upon a solar cell may vary dramatically
depending on the location of the solar cell on the globe,
the solar cell architecture, and external factors such as imple-
mentation in a solar concentrator design142 or tracking
arrangements. Therefore, it is important to consider how
properties of the illumination may affect and mitigate halide
segregation in mixed-halide perovskites. We note that because
LEDs are operated under charge-carrier injection, rather than
under illumination, information presented in this section is
not applicable for perovskite materials designed for light-
emitting applications.

As one would expect, several groups have observed that
an increase in illumination intensity results in faster halide
segregation in mixed-halide perovskites.14,37,39,40,51,103,104,123

Given that excited charge carriers are thought to be responsible
for halide segregation,42,43 a higher illumination intensity
photogenerates more excited charge carriers within the perovs-
kite material per second, leading to faster halide segregation.
However, we note that the observed changes may not necessa-
rily be linear in light intensity, given that the efficiency with
which absorbed photons induce halide segregation may also
change with illumination intensity. For example, a higher
charge-carrier density may lead to enhanced radiative and
reduced trap-mediated recombination, as discussed above,103 or
a certain threshold charge-carrier density may be required before
halide segregation may commence.39,40,66,123,143 Therefore, while
generally a higher illumination intensity leads to a greater degree
of halide segregation in a given timeframe,14,37,39,40,51,103,104,123

the exact relationship between the two parameters is likely to
be complex.

For example, several studies have reported halide segrega-
tion to be suppressed for illumination below an extremely low,
material-dependant threshold intensity.39,40,66,123,143 Slotcavage
et al. showed that an original mixed-halide perovskite PL
emission peak remained dominant for MAPb(Br0.4I0.6)3 films
under 0.5 mW cm�2 (B0.005 sun) illumination for 3 hours,
indicating suppression of halide segregation.143 Additionally,
Draguta et al. observed no segregation for MAPb(Br0.5I0.5)3 films
when the illumination was kept below a 0.04 mW cm�2

(B0.0004 sun) intensity threshold.39 Interestingly, Elmelund
et al. found that the highest threshold illumination intensity
for which halide segregation in MAPb(Br0.5I0.5)3 films remained

suppressed increased linearly with increasing sample tempera-
ture (this result is discussed further in Section 8).40

These observations may be explained by considering the coun-
teracting effects of halide segregation under illumination and
the entropic diffusion of ions against the formed concentration
gradients.39,40,97 The point of maximum halide segregation will
occur when these two dynamics are balanced. As the strength of
the halide segregation dynamic is reduced with decreasing
illumination intensity, below a certain low threshold intensity
the stabilization point between ion segregation and mixing is
reached before significant segregation has occurred. For photo-
stable perovskite solar cells, it is therefore essential that the
threshold illumination intensity for which halide segregation
becomes insignificant over B12 hours is identical to or greater
than AM1.5 solar illumination conditions.

In addition, halide segregation may potentially be affected
by the light absorption profile and the resulting profile of the
photoexcited charge-carrier density through a thin film. Barker
et al. investigated MAPb(Br0.6I0.4)3 and MAPb(Br0.85I0.15)3

films,38 reporting three key observations that together suggest
that the nature of a non-uniform charge-carrier generation
profile – resulting from more charge carriers being generated
at the illumination side of the film than at the back side – is a
primary driver of halide segregation. First, the wavelength of
the illumination was found to influence the speed at which
halide segregation took place, with a wavelength of 635 nm
inducing much slower segregation than 532 nm wavelength
photons whose energy was further above the band edge, see
Fig. 6a.38 Since the optical density of a semiconducting material
is lower near the band edge, these observations suggest that a
more uniform internal light profile and photoexcited charge-
carrier density profile through the films will lead to less halide
segregation. Second, Barker et al. reported that the changes
observed in the PL dynamics as halide segregation progressed
were somewhat reversed if the perovskite film was illuminated
from both sides (despite the fact that this doubled the overall
illumination intensity), again leading to more uniform illumi-
nation throughout the film, see Fig. 6b.38 Finally, halide
segregation was found to progress more slowly in thin perovs-
kite films (thickness 70 nm as compared to 280 nm),38 see
Fig. 6c, which again sustain flatter initial charge-carrier density
profiles, although it was also noted that the crystallinity was likely
to be different between the films. As a caveat, we note that charge-
carrier redistribution across film profiles of typically several
hundred nanometres is relatively fast, leading to flattening of
the distribution on the time scale of Bnanoseconds.144,145

Therefore, in order for the charge-carrier generation profile
through a perovskite film to have an influence on the resulting
charge-carrier dynamics, the trapping rate in the material must
be equally fast and/or the trap states in the perovskite must be
unevenly distributed throughout the film. Both of these expla-
natory scenarios are possible, but they are unlikely to apply to
all perovskite compositions that have been observed to undergo
halide segregation, meaning that further experiments are
needed to probe the universality of this scenario. However, if
the internal light profile within the perovskite is more generally
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confirmed to have an important influence on phase-stability of
the material, then it may be possible to manufacture photo-
stable perovskite solar cells by utilising a back-reflecting cell
design and carefully controlling the device layer thicknesses
and absorption properties146 to mitigate halide segregation.

8 Temperature control

Temperature is another potential parameter offering mitigation
of mixed-halide perovskites, whose influence is important to
explore because of the elevated operating temperatures of solar
cells and LEDs. Fortunately, temperature can also to a certain
extent be controlled e.g. by passive cooling, and through sub-
strate and overall module design. Temperature is thought to
have two major influences on the halide segregation mecha-
nism. Firstly, it has been shown that the halide segregation
mechanism is governed by an Arrhenius relation in the
temperature range B151 to 375 K,14,38,40,54 see Fig. 7 for data
on a portion of this range.40 Given that halide segregation relies
on ion migration, it is understandable that the temperature of
the perovskite system is positively correlated with the speed of
the segregation dynamics. Secondly, in the case of mixed-halide
perovskites, entropy is thought to be the driving mechanism for
the mixing of the halide ions. Since the entropic contribution
to the free energy of a thermodynamic system is partially
determined by its temperature, theoretical calculations suggest
that raising the temperature of the perovskite increases the
affinity of the halide ions for mixing, and therefore increases
the photostability of the material.47,54 The disparity between
these two effects of temperature on halide segregation – the
first suggesting that halide segregation happens faster at
higher temperature, the second proposing that the perovskite
material is more phase-stable at higher temperature – is an
interesting dichotomy that has yet to be fully explored by the
research community.

While there is plenty of experimental evidence for ion migration
and segregation occurring faster at higher temperatures,14,38,40,54

the second aspect mentioned above – i.e. an increased entropy
at higher temperatures resulting in more stable perovskite
materials – has been observed relatively rarely. Experimental
work by Elmelund et al. showed that the threshold highest
illumination intensity that could be applied to MAPb(Br0.5I0.5)3

without inducing significant halide segregation increased with
temperature.40 These observations suggest that the photostabil-
ity of the perovskite may indeed increase with temperature, in
qualitative agreement with theoretical studies.47,54 Addition-
ally, Wang et al. characterised the effects of temperature on the
photoinduced changes in slightly unconventional samples con-
sisting of CsPb(BrxI(1�x))3 perovskite nanocrystals embedded
in a Cs4Pb(BrxI(1�x))6 endotaxial matrix.114 In PL spectra
taken after several hours of high intensity, 440 000 mW cm�2

(B4400 sun) illumination, Wang et al. observed that, depending
on the exact sample composition, a low-energy emission peak
emerged and/or separated from the main emission peak at low
temperatures, but the films remained photostable at higher
temperatures. The authors attributed these observations to lower
photostability at lower temperature,114 however, we note that
other studies have reported similar changes in the PL emitted
from single-halide perovskites at low temperatures that are
unrelated to halide segregation.147,148 Finally, by probing the
halide segregation dynamics in near-photostable MAPb(BrxI(1�x))3

(bromide fraction, x, around 0.2) at a low illumination intensity

Fig. 6 Data presented by Barker et al. suggesting a link between the
illumination profile within a perovskite thin film and the amount of halide
segregation induced in the material.38 (a) The emergence of sub-bandgap
PL from a MAPb(Br0.6I0.4)3 film under illumination at different photon
energies (Epump) and intensities, but similar photon flux. (b) Changes in
the sub-bandgap PL (associated with iodide enriched domains)
and average PL energy emitted from a MAPb(Br0.6I0.4)3 film under either
one- or two- (one incident on each side of the film) beam illumination of
100 mW cm�2 (B1 sun) intensity, 405 nm wavelength each. (c) Changes
in the PL intensities emitted from thick (280 nm) and thin (70 nm)
MAPb(Br0.85I0.15)3 perovskite films under the same, one-sided illumination
as in (b). Reprinted with permission from [ref. 38], 10.1021/acsenergylett.
7b00282. Further permissions related to the material excerpted should be
directed to the ACS.
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(1.5 mW cm�2, B0.015 sun), Nandi et al. observed halide
segregation within a composition-dependent temperature
window, and observed photostability over 4 hours at higher
and lower temperatures under otherwise identical conditions.51

The work of Nandi et al. highlights the interesting interaction
between entropic forces and ionic motion at different tempera-
tures, and invites further investigations into how these effects
may be utilised to stabilise perovskite optoelectronic devices.

In summary, while there are some experimental studies
reporting increased photostability of mixed-halide perovskites
at elevated temperatures,40,51,114 most appear to find the oppo-
site effect.14,38,40,54 Exploring the conditions under which either
of these scenarios dominate would be greatly beneficial
for furthering our understanding of how temperature may
be used to mitigate halide segregation in mixed-halide
perovskites. Illumination intensity may well play a crucial role
in delineating different regimes here. While the culmination
of faster ionic movement and increased entropic factors at
higher temperatures result in perovskite materials that are
harder to segregate in the low illumination intensity regime
(B0.01 mW cm�2, 0.0001 sun according to Elmelund et al.40),
it may well lead to faster halide segregation under intense
illumination regimes. Direct verification of how ion motion and
entropic forces interact in hybrid metal halide perovskites at
different temperatures would be a fruitful avenue for further
research. Given that the temperature of LEDs and photovoltaic
devices can be controlled via a number of different methods,
such research could directly lead to practical means of reducing
halide segregation in perovskite optoelectronic devices.

9 Crystal structure engineering

Incipient studies have indicated that the underlying crystal
structure of the mixed-halide perovskite may play a role in
the halide segregation dynamics. Such links would be

fortunate, given that the perovskite structure is relatively easily
tuned, for example through changes in A-cation that may
influence octahedral tilting. As noted by others,35,39,123 the
highest bromide fraction x that produces photostable
MAPb(BrxI(1�x))3 films, x = 0.2, also denotes the highest fraction
for which the perovskite remains tetragonal, with a transition
to a cubic structure and ample halide segregation observed as x
passes above the threshold of 0.2.13,14 Ruth et al. performed
computational Monte-Carlo simulations of halide segregation
in both cubic and tetragonal perovskite materials to explore
how crystal structure may affect the photostability of
MAPb(Br0.5I0.5)3 perovskites.123 In a cubic structure, the
nearest-neighbour hops available for a halide ion are all sym-
metrically identical, whereas in a tetragonal structure there are
two distinct hop pathways, with distinct energetic barriers.
Ruth et al. found that the halide segregation rate was sensitive
to the difference in the energetic barriers of the two distinct
migration pathways in the tetragonal perovskite structure, and
so halide segregation could occur at a different rate in tetra-
gonal perovskite structures (where there is some difference in
the energetic barriers) compared to cubic perovskite structures
(where there is symmetrically no difference in the energetic
barriers).123 However, the exact difference in segregation rate
between tetragonal and cubic structures – or even in which
structure halide segregation would occur faster – was not
determined, and Ruth et al. concluded that halide segregation
would likely proceed in both tetragonal and cubic
perovskites.123 However, this work could possibly explain the
observation that halide segregation does not occur in
MAPb(BrxI(1�x))3 perovskites when x o 0.2, when the perovskite
is in a tetragonal phase.

While MAPb(BrxI(1�x))3 perovskites have a clear transition
from tetragonal to cubic crystal structures around x = 0.2,13,14

the structure of FAPb(BrxI(1�x))3 perovskites across the x com-
positional range is a matter of some discussions.66,149–151

Furthermore, some reports suggest an amorphous structural

Fig. 7 Work of Elmelund et al. tracking the speed of halide segregation in MAPb(Br0.5I0.5)3 perovskite films at different temperatures.40 The films were
illuminated with a white light source at 20 mW cm�2 (B0.2 sun) intensity. (a) Changes in the absorption spectra of an illuminated sample over time as
compared to the pre-illumination measurement of absorption. The temperature of the sample was 100 1C. (b) Growth of the sub-bandgap absorption
(measured at 650 nm, solid symbols) and shrinkage of the above-bandgap absorption (measured at 620 nm, open symbols) over time for perovskite
samples at 23, 60, and 100 1C (black squares, red circles and blue triangles respectively). (c) Plot of the natural log of the rate constant associated with
halide segregation versus the inverse temperature of the perovskite material, with the linear trend highlighting an Arrhenius relation. The rate constant
associated with halide segregation was obtained from mono-exponential fits to the data in (b). Reprinted with permission from [ref. 40]. Copyright 2019,
American Chemical Society.
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region for FAPb(BrxI(1�x))3 within the approximate composition
range 0.3 o x o 0.5.66,149 The lack of a clear structural
transition in FA-based, mixed-halide perovskites complicates
any efforts to correlate crystal structure with stability against
halide segregation stability in these materials.

A significant study researching the link between crystal
structure and halide segregation was recently conducted
by Beal et al.152 An examination of the XRD patterns of
CsyFA(1�y)Pb(BrxI(1�x))3 perovskite materials as the bromide
and caesium content (x and y, respectively) was tuned allowed
the mapping of a phase diagram for the perovskite material,
from a cubic structure at x B 50% and low y, to a cubic-
tetragonal mixed phase at low x and y B 50%. These composi-
tions were then determined to be either stable or unstable
towards halide segregation through measurements of PL
spectra under B110 mW cm�2 (B1.1 sun) for 10 minutes,
and examinations of potential redshifts over time. While
perovskites of cubic structure were consistently observed to
exhibit halide segregation, cubic-tetragonal perovskites showed
both stable and unstable behaviour, leading to the conclusion
that the crystal structure is a somewhat unreliable indicator of
phase-stability in mixed-halide perovskites.152 We also note
that, as mentioned in Section 2.1 above, tuning the A-site
cation may also influence the photostability of perovskite films
by changing the crystallinity of the perovskite, making it
difficult to determine whether trends observed by Beal et al.
resulted solely from changes in the crystal structure. Overall, we
conclude that crystal structure is at best a secondary considera-
tion for phase-stability of perovskites, and in any case, may
prove too difficult to alter without changing other critical
properties of the perovskite material, such as its bandgap, in
particular if compositional changes beyond the A-cation are
involved.

10 Summary

In this Perspective, we have critically evaluated a wide range of
means by which halide segregation can be mitigated in mixed-
halide perovskites. Applied in combination, such approaches
may ultimately yield materials with sufficient photostability
for a given application, enabling colour-tunable perovskite
semiconductors for applications such as tandem solar cells
and light-emitting diodes and displays. Below, we summarise
our findings, grouping key strategies by their effectiveness for
suppressing halide segregation, according to our literature
survey.

Amongst the most promising tools by which to suppress
halide segregation significantly are the judicious choice of
ions populating the A-cation site, improvements in material
crystallinity, and a reduction in trap density. The modification
of the A-site cation in the ABX3 structure from solely MA, FA or
Cs species to a mixture of either FA/Cs or MA/FA/Cs currently
presents the most substantial and easily implemented method
of increasing the photostability of a lead mixed-halide perovs-
kite with minimal effect on its bandgap.9,42,67,70,72,73

An alternative, highly promising method for limiting halide
segregation is an improvement in the crystallinity of the perovs-
kite, i.e. creating films with a larger average grain size,9,42,53,72,75

which may affect properties at the grain boundaries such as trap
density, strain, or ion migration channels.54,68,97 In addition,
passivation of electronic trap states through the use of various
additives has also been shown to be successful at mitigating
halide segregation,73,104,105,124,125 with potassium iodide being
particularly effective.73 This effect may derive from trapped,
excited charge carriers and their associated electric fields acting
as primary drivers of halide ions.97,103–105,112 As a consequence,
working mixed-halide perovskite solar cells are also more
photostable under charge-extraction conditions, during which
they experience a lower density of charge carriers43 than under
open-circuit voltage, or under the comparable situation of
photoexcitation of plain films.

Moderate success has also been reported for the incorpora-
tion of excess halide ions into the mixed-halide perovskite,
which has been shown to reduce the density of halide vacancies
and suppress halide segregation to a certain extent.38,73,123,124

However, moving the perovskite stoichiometry too far from its
ideal will negatively impact on the perovskite material quality;38,123

therefore, the incorporation of excess halide ions must be carefully
tuned. In addition, basic thermodynamic arguments dictate that
halide vacancies can never be completely eliminated from a
perovskite structure, meaning that inclusion of excess halide ions
is a technique best used in tandem with other methods aimed at
preventing halide segregation.

Other factors explored to enhance the photostability of
mixed-halide perovskites have been found to be less promising
or impractical to implement. Utilising a bromide/chloride ionic
mixture in the perovskite structure realises bandgaps suitable
for blue-green LEDs, but these mixed-halide perovskite compo-
sitions appear to be similarly unstable towards halide segrega-
tion as bromide/iodide perovskite compositions.26,46,91,92 While
the adoption of nanocrystalline materials has been shown to
limit the effects of halide segregation through the suppression
of charge-carrier diffusion lengths,39,113,114,123 this technique is
impractical to implement in optoelectronic devices where
efficient charge-carrier transport is key to high performance.115–117

Whether or not the composition of the surrounding atmosphere
alters the speed at which halide segregation takes place is still a
matter of debate,67,74,97,103,136,137 but we note that tuning such
exposure is again an impractical idea, given that oxygen- or
humidity-rich atmospheres will also eventually degrade the
perovskite material,28–31,33,34 and devices may ultimately operate
under encapsulation. Despite a significant recent study,152 the
influence of crystal structure still needs further experimental
exploration to assess its significance for the photostability of
mixed-halide perovskites. Theoretical predictions have suggested
that structure could impact on the ion migration pathways in
the perovskite,35,123 however tuning crystal structure without
impacting on important parameters such as electronic band-
gaps and material crystallinity may prove difficult.

Finally, as a perspective on the future research avenues in
the field of mixed-halide perovskites, we note that some
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methods for mitigating halide segregation require substantial further
research, but could prove potentially promising. Partially replacing
lead with tin on the B-site cation has shown some promising initial
results,83,85 however, further work is required to elucidate more fully
the role of tin on the mixed-halide perovskite photostability. The type
of illumination upon the perovskite has been shown to affect the
halide segregation dynamics,14,37–40,51,66,103,104,123,127,143 and while
the nature of solar illumination is an external parameter, the overall
photovoltaic device architecture determines the light profile within
the perovskite film and could therefore influence halide
segregation.38 The temperature of the mixed-halide perovskite film
is another factor affecting halide segregation in mixed-halide films,
although the precise trade-off between entropic mixing and ionic
diffusion still requires further research. That said, temperature
control could to some extent be utilised to mitigate halide segrega-
tion in a mixed-halide perovskite solar cell or LED though passive
cooling systems.14,38,40,47,51,54,114 Additional topics for further inves-
tigation centre on the role of grain boundaries and interfaces on the
halide segregation mechanism. Material crystallinity can clearly
affect halide segregation, however there is still no real consensus
on the exact mechanism by which grain boundaries influence the
halide segregation mechanism. Some studies have also started to
investigate the role of surfaces in halide segregation,104,105 however
interface engineering has yet to be fully explored, and could have a
large impact on halide segregation due to the strong links between
interfaces and crystallinity, trap states, ion migration and charge-
carrier extraction.153,154 Such investigations are particularly impor-
tant because the interfaces between the perovskite and charge-
extraction layers can vary significantly depending on the device
architecture used. Finally, we note that 2D perovskites have proven
to be generally more stable (especially against moisture) than 3D
perovskites, and ion motion has also been shown to be somewhat
limited in a 2D perovskite structure.155,156 Therefore, it would be
interesting to contrast the stability of 2D layered perovskites against
halide segregation with that of their 3D (bulk) counterparts, but little
research has so far been done on this topic.

Overall, we are optimistic that, through a combination of the
above factors, halide segregation will be mitigated in working
perovskite solar cells and LEDs to the extent required for stable
operation. Fortuitously, the most promising approaches for
reducing halide segregation significantly (i.e. high crystallinity,
low trap state density, efficient charge-carrier extraction) are also
factors that yield high performance devices, making rapid pro-
gress highly likely. Mixed-halide perovskites therefore remain
extremely promising candidates for the demanding applications
of tandem solar cells and tunable light-emitting diodes.
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J. Werner, B. Niesen, C. Ballif, M. Sessolo and H. J. Bolink,
Efficient Monolithic Perovskite/Perovskite Tandem Solar
Cells, Adv. Energy Mater., 2017, 7, 1602121.

25 R. Lin, K. Xiao, Z. Qin, Q. Han, C. Zhang, M. Wei, M. I.
Saidaminov, Y. Gao, J. Xu and M. Xiao, et al., Monolithic
All-Perovskite Tandem Solar Cells with 24.8% Efficiency
Exploiting Comproportionation to Suppress Sn (II) Oxida-
tion in Precursor Ink, Nat. Energy, 2019, 4, 864–873.

26 G. Li, F. W. R. Rivarola, N. J. Davis, S. Bai, T. C. Jellicoe,
F. de la Peña, S. Hou, C. Ducati, F. Gao and R. H. Friend,
et al., Highly Efficient Perovskite Nanocrystal Light-
Emitting Diodes Enabled by a Universal Crosslinking
Method, Adv. Mater., 2016, 28, 3528–3534.

27 R. Wang, M. Mujahid, Y. Duan, Z.-K. Wang, J. Xue and
Y. Yang, A Review of Perovskites Solar Cell Stability, Adv.
Funct. Mater., 2019, 1808843.

28 C. C. Boyd, R. Cheacharoen, T. Leijtens and M. D. McGehee,
Understanding Degradation Mechanisms and Improving
Stability of Perovskite Photovoltaics, Chem. Rev., 2018, 119,
3418–3451.

29 J. S. W. Godding, A. J. Ramadan, Y.-H. Lin, K. Schutt,
H. J. Snaith and B. Wenger, Oxidative Passivation of Metal
Halide Perovskites, Joule, 2019, 3, 2716–2731.

30 N. Aristidou, I. Sanchez-Molina, T. Chotchuangchutchaval,
M. Brown, L. Martinez, T. Rath and S. A. Haque, The Role
of Oxygen in the Degradation of Methylammonium Lead
Trihalide Perovskite Photoactive Layers, Angew. Chem., Int.
Ed., 2015, 54, 8208–8212.

31 N. Aristidou, C. Eames, I. Sanchez-Molina, X. Bu, J. Kosco,
M. S. Islam and S. A. Haque, Fast Oxygen Diffusion and
Iodide Defects Mediate Oxygen-Induced Degradation of
Perovskite Solar Cells, Nat. Commun., 2017, 8, 15218.

32 J. Huang, S. Tan, P. D. Lund and H. Zhou, Impact of H2O
on Organic-Inorganic Hybrid Perovskite Solar Cells, Energy
Environ. Sci., 2017, 10, 2284–2311.

33 J. Yang, B. D. Siempelkamp, D. Liu and T. L. Kelly, Inves-
tigation of CH3NH3PbI3 Degradation Rates and Mechan-
isms in Controlled Humidity Environments Using in Situ
Techniques, ACS Nano, 2015, 9, 1955–1963.

34 C.-J. Tong, W. Geng, Z.-K. Tang, C.-Y. Yam, X.-L. Fan, J. Liu,
W.-M. Lau and L.-M. Liu, Uncovering the Veil of the
Degradation in Perovskite CH3NH3PbI3 upon Humidity
Exposure: a First-Principles Study, J. Phys. Chem. Lett.,
2015, 6, 3289–3295.

35 M. C. Brennan, S. Draguta, P. V. Kamat and M. Kuno,
Light-Induced Anion Phase Segregation in Mixed Halide
Perovskites, ACS Energy Lett., 2017, 3, 204–213.

36 S. J. Yoon, M. Kuno and P. V. Kamat, Shift Happens. How
Halide Ion Defects Influence Photoinduced Segregation
in Mixed Halide Perovskites, ACS Energy Lett., 2017, 2,
1507–1514.

37 S. J. Yoon, S. Draguta, J. S. Manser, O. Sharia,
W. F. Schneider, M. Kuno and P. V. Kamat, Tracking Iodide
and Bromide Ion Segregation in Mixed Halide Lead Per-
ovskites During Photoirradiation, ACS Energy Lett., 2016, 1,
290–296.

38 A. J. Barker, A. Sadhanala, F. Deschler, M. Gandini,
S. P. Senanayak, P. M. Pearce, E. Mosconi, A. J. Pearson,
Y. Wu and A. R. Srimath Kandada, et al., Defect-Assisted
Photoinduced Halide Segregation in Mixed-Halide Perovs-
kite Thin Films, ACS Energy Lett., 2017, 2, 1416–1424.

39 S. Draguta, O. Sharia, S. J. Yoon, M. C. Brennan,
Y. V. Morozov, J. S. Manser, P. V. Kamat, W. F. Schneider
and M. Kuno, Rationalizing the Light-Induced Phase
Separation of Mixed Halide Organic-Inorganic Perovskites,
Nat. Commun., 2017, 8, 200.

40 T. Elmelund, B. Seger, M. K. Kuno and P. V. Kamat, How
Interplay between Photo and Thermal Activation Dictates
Halide Ion Segregation in Mixed Halide Perovskites, ACS
Energy Lett., 2020, 5, 56–63.

41 S. Mahesh, J. M. Ball, R. D. Oliver, D. P. McMeekin,
P. Nayak, M. B. Johnston and H. Snaith, Revealing the

Perspective Energy & Environmental Science



2042 | Energy Environ. Sci., 2020, 13, 2024--2046 This journal is©The Royal Society of Chemistry 2020

Origin of Voltage Loss in Mixed-Halide Perovskite Solar
Cells, Energy Environ. Sci., 2020, 13, 258–267.

42 I. L. Braly, R. J. Stoddard, A. Rajagopal, A. R. Uhl,
J. K. Katahara, A. K.-Y. Jen and H. W. Hillhouse, Current-
Induced Phase Segregation in Mixed Halide Hybrid
Perovskites and its Impact on Two-Terminal Tandem Solar
Cell Design, ACS Energy Lett., 2017, 2, 1841–1847.

43 T. Duong, H. K. Mulmudi, Y. Wu, X. Fu, H. Shen, J. Peng,
N. Wu, H. T. Nguyen, D. Macdonald and M. Lockrey, et al.,
Light and Electrically Induced Phase Segregation and its
Impact on the Stability of Quadruple Cation High Bandgap
Perovskite Solar Cells, ACS Appl. Mater. Interfaces, 2017, 9,
26859–26866.

44 G. F. Samu, C. Janaky and P. V. Kamat, A Victim of Halide
Ion Segregation. How Light Soaking Affects Solar Cell
Performance of Mixed Halide Lead Perovskites, ACS Energy
Lett., 2017, 2, 1860–1861.

45 P. Vashishtha and J. E. Halpert, Field-Driven Ion Migration
and Color Instability in Red-Emitting Mixed Halide Per-
ovskite Nanocrystal Light-Emitting Diodes, Chem. Mater.,
2017, 29, 5965–5973.

46 Y. Shynkarenko, M. I. Bodnarchuk, C. Bernasconi,
Y. Berezovska, V. Verteletskyi, S. Ochsenbein and M. V.
Kovalenko, Direct Synthesis of Quaternary Alkylammo-
nium Capped Perovskite Nanocrystals for Efficient Blue
and Green Light-Emitting Diodes, ACS Energy Lett., 2019, 4,
2703–2711.

47 F. Brivio, C. Caetano and A. Walsh, Thermodynamic Origin
of Photoinstability in the CH3NH3Pb(I(1�x)Brx)3 Hybrid
Halide Perovskite Alloy, J. Phys. Chem. Lett., 2016, 7,
1083–1087.

48 A. Walsh, Principles of Chemical Bonding and Band Gap
Engineering in Hybrid Organic-Inorganic Halide Perovs-
kites, J. Phys. Chem. C, 2015, 119, 5755–5760.

49 K. A. Bush, K. Frohna, R. Prasanna, R. E. Beal, T. Leijtens,
S. A. Swifter and M. D. McGehee, Compositional Engineer-
ing for Efficient Wide Band Gap Perovskites with Improved
Stability to Photoinduced Phase Segregation, ACS Energy
Lett., 2018, 3, 428–435.

50 E. Unger, L. Kegelmann, K. Suchan, D. Sörell, L. Korte and
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74 F. Ruf, P. Rietz, M. F. Aygüler, I. Kelz, P. Docampo, H. Kalt
and M. Hetterich, The Bandgap as a Moving Target:
Reversible Bandgap Instabilities in Multiple-Cation
Mixed-Halide Perovskite Solar Cells, ACS Energy Lett.,
2018, 3, 2995–3001.

75 Y.-M. Xie, Z. Zeng, X. Xu, C. Ma, Y. Ma, M. Li, C.-S. Lee and
S.-W. Tsang, FA-Assistant Iodide Coordination in Organic-
Inorganic Wide-Bandgap Perovskite with Mixed Halides,
Small, 2020, 16(10), 1907226.

76 F. Hao, C. C. Stoumpos, R. P. Chang and M. G. Kanatzidis,
Anomalous Band Gap Behavior in Mixed Sn and Pb Per-
ovskites Enables Broadening of Absorption Spectrum in
Solar Cells, J. Am. Chem. Soc., 2014, 136, 8094–8099.

77 M. Anaya, J. P. Correa-Baena, G. Lozano, M. Saliba,
P. Anguita, B. Roose, A. Abate, U. Steiner, M. Grätzel and
M. E. Calvo, et al., Optical Analysis of CH3NH3SnxPb1�xI3

Absorbers: a Roadmap for Perovskite-on-Perovskite Tan-
dem Solar Cells, J. Mater. Chem. A, 2016, 4, 11214–11221.

78 C. Liu, J. Fan, H. Li, C. Zhang and Y. Mai, Highly Efficient
Perovskite Solar Cells with Substantial Reduction of Lead
Content, Sci. Rep., 2016, 6, 35705.

79 Z. Yang, A. Rajagopal, C.-C. Chueh, S. B. Jo, B. Liu, T. Zhao and
A. K.-Y. Jen, Stable Low-Bandgap Pb-Sn Binary Perovskites for
Tandem Solar Cells, Adv. Mater., 2016, 28, 8990–8997.

80 J. Im, C. C. Stoumpos, H. Jin, A. J. Freeman and M. G.
Kanatzidis, Antagonism between Spin-Orbit Coupling and
Steric Effects Causes Anomalous Band Gap Evolution in
the Perovskite Photovoltaic Materials CH3NH3Sn1�xPbxI3,
J. Phys. Chem. Lett., 2015, 6, 3503–3509.

81 C. C. Stoumpos, C. D. Malliakas and M. G. Kanatzidis,
Semiconducting Tin and Lead Iodide Perovskites with
Organic Cations: Phase Transitions, High Mobilities, and
Near-Infrared Photoluminescent Properties, Inorg. Chem.,
2013, 52, 9019–9038.

82 K. J. Savill, M. T. Klug, R. L. Milot, H. J. Snaith and
L. M. Herz, Charge-Carrier Cooling and Polarization
Memory Loss in Formamidinium Tin Triiodide, J. Phys.
Chem. Lett., 2019, 10, 6038–6047.

83 Z. Yang, A. Rajagopal, S. B. Jo, C.-C. Chueh, S. Williams,
C.-C. Huang, J. K. Katahara, H. W. Hillhouse and A. K.-Y.
Jen, Stabilized Wide Bandgap Perovskite Solar Cells by Tin
Substitution, Nano Lett., 2016, 16, 7739–7747.

84 M. Konstantakou and T. Stergiopoulos, A Critical Review
on Tin Halide Perovskite Solar Cells, J. Mater. Chem. A,
2017, 5, 11518–11549.

85 N. Li, Z. Zhu, J. Li, A. K.-Y. Jen and L. Wang, Inorganic
CsPb1�xSnxIBr2 for Efficient Wide-Bandgap Perovskite
Solar Cells, Adv. Energy Mater., 2018, 8, 1800525.

86 T. M. Koh, T. Krishnamoorthy, N. Yantara, C. Shi,
W. L. Leong, P. P. Boix, A. C. Grimsdale, S. G. Mhaisalkar
and N. Mathews, Formamidinium Tin-Based Perovskite
with Low Eg for Photovoltaic Applications, J. Mater. Chem.
A, 2015, 3, 14996–15000.

87 W. Liao, D. Zhao, Y. Yu, C. R. Grice, C. Wang, A. J.
Cimaroli, P. Schulz, W. Meng, K. Zhu and R.-G. Xiong,
et al., Lead-Free Inverted Planar Formamidinium Tin Triio-
dide Perovskite Solar Cells Achieving Power Conversion
Efficiencies up to 6.22%, Adv. Mater., 2016, 28, 9333–9340.

88 S. J. Lee, S. S. Shin, Y. C. Kim, D. Kim, T. K. Ahn, J. H. Noh,
J. Seo and S. I. Seok, Fabrication of Efficient Formamidi-
nium Tin Iodide Perovskite Solar Cells through SnF2-
Pyrazine Complex, J. Am. Chem. Soc., 2016, 138, 3974–3977.

89 T. Yokoyama, D. H. Cao, C. C. Stoumpos, T.-B. Song,
Y. Sato, S. Aramaki and M. G. Kanatzidis, Overcoming
Short-Circuit in Lead-Free CH3NH3SnI3 Perovskite Solar
Cells via Kinetically Controlled Gas-Solid Reaction Film
Fabrication Process, J. Phys. Chem. Lett., 2016, 7, 776–782.

90 D. P. McMeekin, S. Mahesh, N. K. Noel, M. T. Klug, J. Lim,
J. H. Warby, J. M. Ball, L. M. Herz, M. B. Johnston and
H. J. Snaith, Solution-Processed All-Perovskite Multi-
Junction Solar Cells, Joule, 2019, 3, 387–401.

91 T. G. Liashenko, E. D. Cherotchenko, A. P. Pushkarev,
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