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Chapter 1
Introduction

The world’s energy demand is increasing fast due to the rapid growth of the
global population and the constant advancements in technology. The consump-
tion of energy is still primarily based on the use of conventional fossil fuels, such
as coal, oil, and natural gas. However, fossil fuels are not sustainable and re-
newable. More problematic is the consequence that the use of fossil fuels causes
severe climate and environmental issues like global warming and air pollution.

Solar energy, among other clean, renewable, and sustainable energy sources,
has become a future alternative source to fossil fuels. A key use of solar energy
is photovoltaics by converting it into electricity using a solar cell. In this chap-
ter, we will introduce the promising next-generation photovoltaics—perovskite
solar cells. A description will be given of their performance and the challenges
they are faced with. As the core component in solar cells, the light-harvesting
materials, in particular the mixed halide perovskites, will be highlighted. Then
we will introduce the phenomenon of halide segregation, a serious stability is-
sue that occurs in mixed halide perovskites. The modeling efforts that deepen
our understanding of this phenomenon will be briefly discussed before we end
this chapter with the scope of this thesis.



2 Introduction

1.1 Perovskite solar cells

In recent years, various types of solar cells, such as silicon (Si), copper indium
gallium selenide (CIGS), gallium arsenide(GaAs), and perovskite solar cells,
have been developed. With the aim to boost the device performance and re-
duce production costs, significant efforts have been made in particular in the last
decade. An important parameter for the evaluation of solar cells is power con-
version efficiency (PCE). The theoretical maximum PCE of a single-junction so-
lar cell based on thermodynamic detailed balance was first calculated by Shock-
ley and Queisser (S-Q limit or detailed balance limit) [1]. Given a standard
global Air Mass 1.5 (AM1.5G) solar spectrum [2] (see Fig. 1.1a), the photons
with energies lower than the band gap of light-harvesting material will not be
absorbed while the ones with energies above the band gap can be absorbed and
excite the electrons from the valence bands to the conduction bands, resulting in
the generation of electron-hole pairs (photocarriers). The excess energy above
the band gap is lost due to the thermal relaxation of photocarriers to the band
edges. The trade-off in the selection of an optimal band gap to achieve a high
PCE for a single-junction solar cell is that a wide band gap leads to a high open-
circuit voltage (Voc) but a low short-circuit current (Jsc) as not many photons
create photocarriers, while a narrow band gap leads to a high Jsc but a low Voc

since photocarriers do not contain as much energy owing to the thermalization
loss. By considering additional energy loss due to the radiative recombination
of photocarriers, the dependence of the S-Q limit on the band gap is obtained
(see Fig. 1.1b) [3]. The S-Q limit is 33.16% for a single-junction solar cell with
a band gap of 1.34 eV under a standard AM1.5G spectral irradiance [3].

The photovoltaic market has been continuously expanding over the past
decades. The record PCE for single-junction silicon solar cell has reached 26.7%
[4], very close to the S-Q limit (see Fig. 1.1b). Along with a series of advantages
such as long-term stability and competitive price, silicon solar cells have been
commercialized for residential use. However, the relatively high production cost
for silicon solar cells is still an issue. Similarly, the large-scale applications of
GaAs and CIGS, whose record PCEs are also impressive (29.1% and 23.35%,
respectively [4], see Fig. 1.1b), are hindered by their expensive fabrication pro-
cesses [5,6]. Thanks to the simple fabrication process, low production cost, and
outstanding record PCE achieved in the last few years, perovskite solar cells
have attracted intensive attention. With a record single-junction PCE of more
than 25% [4] at the moment of writing of this thesis, perovskite solar cells show
a great potential to replace or to be combined with silicon-based solar cells and
play an important role in the next generations of solar cells [7].
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Figure 1.1: a Standard solar irradiance at global Air Mass 1.5 (AM1.5G) as a function
of wavelength. The corresponding photon energies are indicated at the top axis. b
The Shockley-Queisser or detailed balance limit as a function of band gap for a single-
junction solar cell operated under the standard AM1.5G spectral irradiance. The record
power conversion efficiencies (PCEs) of different types of single-junction solar cells are
marked with symbols. Data Source: Data for the solar irradiance spectrum is acquired
from National Renewable Energy Laboratory (NREL) [2], data for the detailed balance
limit curve is acquired from Ref. [3], and data for the record PCEs is acquired from
Ref. [4].

Most perovskite solar cells have a layered device structure that includes a
glass substrate, a transparent conductive oxide (TCO), an n-type/p-type semi-
conductor as the electron-transport/hole-transport layer (ETL/HTL), a perovskite
absorber layer, a p-type/n-type semiconductor as the hole-transport/electron-
transport layer (HTL/ETL), and a metallic electrode (see Fig. 1.2). Depending
on the architecture, perovskite solar cells fall into two categories: mesoscopic
and planar solar cells [8,9]. In mesoscopic perovskite solar cells, the perovskite
sensitizes a mesoporous metal oxide layer like meso-TiO2 or meso-NiO, where
the mesoporous layer serves as a scaffold, protecting the perovskite film and
transferring electrons or holes from the perovskite to a compact layer [8–11].
In planar perovskite solar cells, the perovskite layer is sandwiched between
an ETL like TiO2, SnO2, or C60, and a HTL like 2, 2’, 7, 7’-Tetrakis(N, N-di-p-
methoxyphenylamine)-9, 9’-spirobifluorene (spiro-OMeTAD), poly(triarlyamine)
(PTAA), and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-
:PSS) [8, 9, 11]. In the two categories, the perovskite solar cells are further
classified into the standard n-i-p and inverted p-i-n device configurations (see
Fig. 1.2), which depends on the order of the ETL and HTL deposited on the
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TCO [8, 9, 11]. Here, ‘i’ stands for an intrinsic, undoped, perovskite layer. The
choice of the ETL and HTL is governed by their band alignment with the intrin-
sic perovskite layer, pursuing efficient extraction of photocarriers.
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Figure 1.2: Two categories of perovskite solar cell structures: mesoscopic and pla-
nar [8]. Each category is classified into the standard n-i-p and inverted p-i-n configura-
tions, where ‘n’, ‘i’, and ‘p’ represent the n-type electron transport layer (ETL), intrinsic
perovskite layer, and p-type hole transport layer (HTL), respectively. TCO represents the
transparent conductive oxide layer.

To achieve a PCE beyond the S-Q limit of single-junction solar cells, tandem
(two-junction) and multijunction (multiple-junction) solar cells are considered.
These solar cells are constructed by sandwiching several subcells with light ab-
sorbers of different band gaps [8, 12]. In perovskite-based tandem solar cells,
the perovskite with a higher band gap is used in a top cell that stacks on a subcell
of a lower-band gap material like Si, CIGS, or GaAs to form hybrid tandem so-
lar cells, or another perovskite to form all-perovskite tandem solar cells [8,12].
The higher-energy photons are captured by the wider-band-gap layer and the
lower-energy photons travel through this layer and enter a narrower-band-gap
layer where they are absorbed. This enables the absorption of different re-
gions of the solar spectrum, thereby leading to more efficient absorption of the
solar spectrum. Perovskite-silicon, perovskite-CIGS, and perovskite-perovskite
tandem solar cells have reached record PCEs of 29.8%, 24.2%, and 26.4%, re-
spectively [4]. The theoretical PCE limit for tandem solar cells is 42% with
a combination of optimal band gaps of 1.9 and 1.0 eV [13] under unconcen-
trated sunlight, suggesting ample opportunities for the future improvement of
perovskite-based tandem solar cells.
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1.2 Mixed halide perovskites

Metal-halide perovskites as light-harvesting absorber in perovskite solar cells
play a key role because the band gap can be tuned by changing the halide
composition. At present, two classes of metal-halide perovskites attract most
attention: three-dimensional (3D) and two-dimensional (2D) perovskites. 3D
metal-halide perovskites have an ABX3 structure (see Fig. 1.3a), where A is an
organic or inorganic cation like methylammonium (MA), formamidinium (FA),
or Cs, M is a divalent metal cation like Pb or Sn, and X is a halide anion like I, Br,
or Cl [14–18]. 2D perovskites have a more complicated structure. Among the
various types of 2D perovskites, Ruddlesden-Popper (RP) perovskites [19, 20]
are the most widely studied. Their general chemical formula is R2An−1BnX3n+1,
with R a monovalent organic spacer cation like phenethylammonium (PEA) or
butylammonium (BA), and n the number of B-X octahedral layers. An example
of an RP perovskite structure for n = 1 is displayed in Fig. 1.3a.

a b
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Figure 1.3: a Schematics of the structures of 3D mixed halide ABX3 perovskites and 2D
n = 1 Ruddlesden-Popper R2BX4 perovskites. b Band gap as a function of Br concentra-
tion x for specific 3D and 2D mixed I-Br perovskites.

The flexibility of the structure allows tuning of the band gap by composi-
tional alloying on different lattice sites [18, 21–30]. Owing to the band gap
tunability, mixed halide perovskites are attractive as candidates for top cells in
the construction of tandem or multijunction solar cells [12,29,31,32]. The ex-
perimentally obtained band gaps of the commonly studied 3D mixed halide per-
ovskites MAPb(I1−xBrx)3, FAPb(I1−xBrx)3, CsPb(I1−xBrx)3, and 2D n = 1 mixed
halide perovskite PEA2Pb(I1−xBrx)4 are displayed in Fig. 1.3b, where the pure
I (Br) perovskite has the lowest (highest) band gap [28–30, 33–35]. The dif-
ference between the pure Br and pure I perovskite represents the band gap
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tunability, which decreases in the order FA–MA–Cs–PEA. Alloying I with Br in
3D and 2D perovskites allows changing the band gap from about 1.5 eV to 3
eV, which is more than sufficient for the top layer in an efficient tandem or
multijunction solar cell [13].

1.3 Light-induced halide segregation

A critical phenomenon in mixed halide perovskite films or solar cells is the so-
called light-induced halide segregation. This was first found for MAPb(I1−xBrx)3

by Hoke et al. [36] and then successively observed in other mixed I-Br per-
ovskites like CsPb(I1−xBrx)3 [28] and FAPb(I1−xBrx)3 [37]. When the mixed
halide perovskites are exposed to continuous illumination, halide segregation
occurs, resulting in the formation of low- and high-band gap domains. The
growth of these domains by aggregation of halide anions leads to phase separa-
tion. Interestingly, when the illumination is interrupted, the demixed perovskite
films recover to their original mixed states after a timescale of minutes to hours.

This phenomenon in mixed halide perovskites has been demonstrated by
various experimental techniques, like photoluminescence (PL), absorption, and
X-ray diffraction (XRD) measurements. The striking observation in halide seg-
regation is a redshift of PL under illumination [36, 38], indicating the nucle-
ation of a low-band gap new phase where the photocarriers accumulate and
radiatively recombine. The wavelength of the PL emission peak correlates with
the band gap of the nucleated phase. The absorption measurements are com-
plementary in characterizing the halide demixing by showing a redshift of the
step-like shoulder in the absorption spectra [36, 38]. XRD measurements are
an effective way to track light-induced structural changes from a comparison of
the lattice constants of demixed films to the reference film [36].

Halide segregation in perovskite layers has a detrimental effect on the device
performance. Numerous studies show that the halide segregation is responsible
for the deficit of the open-circuit voltage Voc in mixed halide perovskite solar
cells [29, 39–46], while the loss of the short-circuit current Jsc in mixed halide
solar cells due to the halide segregation is less reported [43,47,48]. The origin
of the relationship between the light-induced halide segregation and the decline
of Voc and/or Jsc is an issue that is currently still under intense debate. Never-
theless, it is clear that the performance of mixed halide perovskite solar cells is
strongly affected by light-induced halide segregation.

Since light-induced halide segregation is unwanted in photovoltaic appli-
cations, tremendous efforts have been devoted in recent years to uncovering
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the microscopic mechanism and revealing the driving force behind the phe-
nomenon. Some studies suggest that polaron-induced strain gradients under il-
lumination drive the generation of low-band gap domains [49,50]. Other stud-
ies suggest that photocarrier-induced local electric fields in the thin film [51]
or at the surface [52] are responsible for the halide migration and segrega-
tion. It has also been proposed that a strong gradient in carrier generation rate
through the film thickness can be a driving force for halide segregation [53].
On the other hand, a thermodynamic model based on the band gap difference
between the parent and nucleated low-band gap phase has been proposed [38].
In this model, it is suggested that photocarriers can reduce their free energy by
funneling to low-band gap domains, which leads to a driving force for halide
demixing. Despite plentiful different interpretations in literature, a unified the-
ory for light-induced halide segregation in mixed halide perovskites is clearly
needed. Many strategies have been proposed to slow down halide segregation,
such as enhancing grain size and improving overall crystallinity [54], reducing
carrier diffusion lengths [38], application of external pressure [55], lowering
the dimensionality [56, 57], chemical compositional engineering like the par-
tial substitution of Pb with Sn [58], alloying Cl into the I-Br lattice [59], and
A-cation alloying [16,37,47,48,60].

1.4 Modeling halide segregation

The development of new theoretical models and computational techniques has
paved the way for a better understanding of the macroscopic phenomenon of
light-induced halide segregation, both from a thermodynamic and a kinetic
viewing angle. The first effort regarding thermodynamics modeling of halide
segregation was made by Brivio et al. [61]. In their model, a Helmholtz mixing
free energy of the mixed halide MAPb(I1−xBrx)3 perovskite as a function of Br
concentration x and temperature T was determined from the quasi-chemical
approximation (QCA) [62] of binary alloying theory. The QCA method has
been successfully applied together with density functional theory (DFT) in a de-
scription of total energies in the thermodynamic analysis of semiconductor al-
loys, like GaAs1−xSbx [62], InxGa1−xN, InxAl1−xN [63], MgxZn1−xO, CdxZn1−xO
[64], CsSn(I1–xBrx)3, and RbxCs1–xSnI3 [65]. The use of the mixing free energy
allows the determination of the miscibility of the mixed species of alloys by
constructing the x-T phase diagram, where the stable, metastable, and unsta-
ble regions in x-T space are mapped out (see Chapter 2 for details). However,
this simple model is only applicable to halide segregation in the dark and is not
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suited for the stability analysis of mixed halide perovskites under illumination.
Another attempt was made by Draguta et al. [38], who added a term propor-
tional to the band gap difference between the parent mixed and pure I phase to
the Helmholtz mixing free energy of MAPb(I1−xBrx)3. This model in conjunction
with experimental measurements establishes the thermodynamic driving force
behind halide segregation under illumination. Benefiting from this, we devel-
oped more advanced thermodynamic models that account for halide demixing
under various conditions (see Chapters 3-5).

Apart from thermodynamic considerations, efforts have been put into con-
siderations of the kinetics of light-induced halide segregation. The macroscopic
phenomenon of halide segregation is caused by a series of microscopic events
of vacancy-mediated hopping of halide anions. This has led to the develop-
ment of a nucleation model that accounts for the kinetics of halide demixing
under illumination [66] using a stochastic approach based on a kinetic Monte
Carlo (kMC) algorithm. The kMC method has been developed to model a se-
quence of incoherent quantum transitions and has been applied to the kinetics
of the Ising spin model [67], chemical reactions [68], the mobility of disloca-
tions [69], and also the vacancy migration in a binary alloy [70]. A key param-
eter in the kMC algorithm is the rate constant of a quantum transition that can
occur. The rate constant determined within transition state theory (TST) [71]
is mainly governed by the energetic barrier of the transition. To determine the
energetic barrier of a transition, the climbing image nudged elastic band (CI-
NEB) method [72, 73] has often been used within the framework of DFT. The
accuracy of the kMC method is then limited by that of the DFT method used to
parameterize the rate constants and energetic barriers. In this thesis, we will
model the thermodynamics and kinetics of halide segregation in mixed halide
perovskites using the techniques just discussed.

1.5 Thesis structure

In the present chapter, we have given a brief introduction to perovskite solar
cells and the phenomenon of halide segregation in mixed halide perovskites.
We have also discussed the importance of computational modeling for the fun-
damental understanding of this phenomenon and computational techniques to
describe its thermodynamics and kinetics.

Various modeling techniques employed in this thesis are introduced in Chap-
ter 2, where density functional theory, binary alloying theory, the nudged elastic
band method, and the kinetic Monte Carlo method are explained in detail.
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We start in Chapter 3 with presenting a unified thermodynamic theory for
halide segregation in a series of 3D mixed I-Br perovskites, including MAPb(I1−x -
Brx)3, FAPb(I1−xBrx)3, CsPb(I1−xBrx)3, MA7/8Cs1/8Pb-(I1−xBrx)3, and FA7/8Cs1/8-
Pb(I1−xBrx)3 (MA: methylammonium and FA: formamidinium). In an applica-
tion of the theory we study the phase stability of these five perovskites by con-
structing composition-temperature (x-T ) phase diagrams both in the dark and
under different illumination intensities. Several experimental observations are
explained. From the results, we find that all studied perovskites at room tem-
perature in the dark are thermodynamically stable, with critical temperatures
for the intrinsic halide segregation below room temperature. Under illumina-
tion light-induced halide segregation occurs, where nearly iodine-pure nuclei
are formed from a mixed I-Br phase.

Very intriguing is the question whether the interplay between intrinsic and
light-induced halide segregation can lead to the coexistence of three phases with
different halide compositions. To answer this question, we develop in Chapter
4 a new thermodynamic theory that can capture three-phase coexistence. We
apply the theory to MAPb(I1−xBrx)3, which is the most studied perovskite for
photovoltaic applications. In this chapter we first of all demonstrate that such
three-phase coexistence can actually occur. We then investigate the character-
istics of this three-phase coexistence and explain how it can be experimentally
verified.

In literature there has been much focus on exploiting the band gap tunability
of 3D mixed halide perovskites and the problems with their photostability. How-
ever, several recent studies show that the photostability of mixed halide per-
ovskites can be improved by lowering the dimensionality, changing from 3D to
2D mixed halide perovskites. To understand the underlying mechanism behind
this increased photostability, we use our thermodynamic theory to study the sta-
bility of the 2D mixed halide perovskite PEA2Pb(I1−xBrx)4 (PEA: phenethylam-
monium) in Chapter 5. We compare our results to those of 3D MAPb(I1−xBrx)3

and discuss the reasons of the improved photostability of PEA2Pb(I1−xBrx)4.
In Chapter 6, we extend our investigation from the thermodynamics to

the kinetics of halide segregation. Using the experimentally studied mixed
halide perovskite FA0.67MA0.33Pb(I0.67Br0.33)3 as an example, we employ the
kMC method to study the light-induced nucleation dynamics of a low-band gap
I-rich phase from the mixed phase. To gain atomistic insight into the kinetics
of halide segregation in the 2D perovskite PEA2Pb(I1−xBrx)4, we calculate the
energy barriers for halide vacancy hopping in the pure compounds PEA2PbI4

and PEA2PbBr4 and compare them to those in the 3D counterparts MAPbI3 and
MAPbBr3.
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We end the thesis with conclusions and an outlook in Chapter 7, where we
summarize the results of this thesis and explore potential directions for further
research.



Chapter 2
Methods

In this chapter we discuss the theoretical methods that are used in this thesis.
We start with the basics of density functional theory, which allows us to obtain
the ground-state total energy of the perovskites. We then deal with binary al-
loying theory, which is required for a fundamental understanding of the phase
stability in mixed halide perovskites from a thermodynamics point of view. Fi-
nally, we introduce the nudged elastic band and kinetic Monte Carlo methods,
which are used to study the kinetics of halide segregation in mixed halide per-
ovskites.
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2.1 Density functional theory

2.1.1 Born-Oppenheimer approximation

In quantum mechanics, the properties of a material can be described by the
Schrödinger equation,

ĤΨ= EΨ, (2.1)

where Ĥ is the Hamiltonian, Ψ is the wave function, depending on the spatial
coordinates of electrons and nuclei, and E is the energy of the system. In con-
sidering a many-body system of electrons with spatial coordinates r⃗i and mass
me , and nuclei with spatial coordinates R⃗I , masses MI , and charge numbers ZI ,
the many-electron/-nuclei Hamiltonian is given by1

Ĥ =− ħ2

2me

∑
i
∇2

i −
∑
i ,I

ZI e2

|⃗ri − R⃗I |
+ 1

2

∑
i ̸= j

e2

|⃗ri − r⃗ j |
−∑

I

ħ2

2MI
∇2

I +
1

2

∑
I ̸=J

ZI ZJ e2

|R⃗I − R⃗ J |
, (2.2)

where the first term on the right-hand side represents the kinetic energy of
electrons, the second term is the Coulomb interaction between electrons and
nuclei, the third term is the Coulomb interaction between electrons, the fourth
term is the kinetic energy of nuclei, and the final term represents the Coulomb
interaction between the nuclei.

To obtain the properties of a material, one has to find the solution to the
Schrödinger equation. A straightforward approach to solve Eq. (2.2) is imprac-
tical since an exact solution implies the handling of ∼ 1023/cm3 particles, which
is highly nontrivial. Even for a small molecule containing a few atoms, solving
the Schrödinger equation is a challenging task. But we can profit from the fact
that the atomic nuclei are much heavier than the electrons, which means that
the nuclei are significantly more sluggish than the electrons. For this, it can
be assumed that the electrons feel the instantaneous potential produced by the
nuclei in their ‘frozen’ positions. In this way, the Hamiltonian Eq. (2.2) can be
adiabatically decoupled into electronic and nuclear terms. This is the so-called
Born-Oppenheimer or adiabatic approximation [74]. Within this approxima-
tion, we only need to focus on the Hamiltonian for the electrons Ĥe . With Ψe

the electronic wave function, which now only depends on the spatial coordi-
nates of the electrons, and Ee the corresponding eigenvalue, the many-electron
Schrödinger equation then becomes

ĤeΨe = EeΨe , (2.3)
1For simplicity, the spin of the electrons is omitted and relativistic corrections like the spin-orbit

interaction are not considered in this thesis.
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where the electronic Hamiltonian Ĥe is written as

Ĥe =
∑

i

[
− 1

2
∇2

i +Vext (⃗ri )
]
+ 1

2

∑
i ̸= j

1

|⃗ri − r⃗ j |
. (2.4)

Here, the second term in the brackets, Vext (⃗ri ), is the ‘external’ potential acting
on the electrons due to the presence of the fixed nuclei, which corresponds to
the second term in Eq. (2.2). We note that in Eq. (2.4) Hartree atomic units
(ħ = me = e = 1) are used to obtain a simple form. For a system that contains
N interacting electrons, the electronic wave function is dependent on 3N spa-
tial coordinates. It is then still problematic to find a solution for real materials
because increasing the number of electrons leads to an exponential increase in
computational cost [75]. Therefore, other approaches and more approxima-
tions are needed.

2.1.2 The electron density as the basic variable

To simplify the complex many-electron problem, the electron density rather
than the wave function of the many-electron system is treated as the basic
variable in density functional theory (DFT) [75]. The electron density of an
N -electron interacting system, which relies on only three spatial coordinates, is
given by

ρ(⃗r ) = N
∫

. . .
∫

dr⃗ dr⃗2 . . .dr⃗N |Ψe (⃗r , r⃗2, . . . , r⃗N )|2, (2.5)

satisfying the constraint ∫
dr⃗ρ(⃗r ) = N , (2.6)

when the electronic wave function Ψe is normalized.

2.1.3 The Hohenberg-Kohn theorems

The foundation of DFT are the principles formulated by the Hohenberg-Kohn
theorems [76]. The first theorem states that for any system of interacting elec-
trons in an external potential, the ground-state density uniquely determines this
potential, up to a constant [76]. This implies that, once the ground-state elec-
tron density is known, all the terms in the electronic Hamiltonian and thus all
properties of the system are completely determined. In a given external poten-
tial Vext (⃗r ), the energy of the many-electron interacting system can be written



14 Methods

as a functional of the electron density [76],

Ev [ρ] = F [ρ]+
∫

dr⃗ρ(⃗r )Vext (⃗r )

= T [ρ]+V [ρ]+
∫

dr⃗ρ(⃗r )Vext (⃗r ),
(2.7)

where F [ρ] is a universal functional that represents the sum of the kinetic energy
T [ρ] and the electron-electron interaction energy V [ρ] of a system of interact-
ing electrons. The universal functional F [ρ] can in principle be found for any
number of electrons2 and is independent of the external potential Vext (⃗r ).

The second theorem states that the ground-state density can be obtained
by using the variational principle method [76]. This implies that solving the
many-electron Schrödinger equation for the ground state can be converted into
a problem of minimizing the energy functional Ev [ρ]. The minimum value of
the functional Ev [ρ] is the exact ground-state state energy, while the electron
density that gives the minimal Ev [ρ] is the exact ground-state electron den-
sity. Using the Hohenberg-Kohn theorems, it is clear that the complexity of the
many-electron problem is substantially reduced, since solving the Schrödinger
equation to obtain the ground-state density and energy only requires the min-
imization of a functional of the three-dimensional density function. However,
the Hohenberg-Kohn theorems do not tell how to construct the energy func-
tional.

2.1.4 The Kohn-Sham equations

In addition to the Hohenberg-Kohn theorems, further efforts have been made
by Kohn and Sham to simplify the many-electron problem. The Kohn-Sham
simplification states that the problem of calculating the ground-state density
and energy of a real system of N interacting electrons with electron density ρ(⃗r )
can be converted into that of an auxiliary system of N non-interacting electrons
with the same electron density [77]. For this, the energy functional of a system
of interacting electrons, Eq. (2.7), can be rewritten as

Ev [ρ] = Ts [ρ]+VH[ρ]+Exc[ρ]+
∫

dr⃗ρ(⃗r )Vext (⃗r )

= Ts [ρ]+ 1

2

∫ ∫
dr⃗ dr⃗ ′ ρ(⃗r )ρ(⃗r ′)

|⃗r − r⃗ ′| +Exc[ρ]+
∫

dr⃗ρ(⃗r )Vext (⃗r ),
(2.8)

2This holds because the number of electrons N is also a functional of the electron density ρ(⃗r )
according to Eq. (2.6).
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where Ts [ρ] represents the kinetic energy of the system of non-interacting elec-
trons with the same density function ρ(⃗r ) as that of the system of interacting
electrons, the second term VH is the classical Hartree energy of electrons with
an electron density ρ(⃗r ), and Exc[ρ] is the exchange-correlation (xc) energy of
the interacting electrons. Here, all our ignorance about F [ρ] of the full many-
electron interacting problem, which includes the difference of Ts [ρ] and T [ρ] as
well as the difference of VH[ρ] and V [ρ] (where T [ρ] and V [ρ] are the kinetic
energy and electron-electron interaction energy, respectively, of the system of
interacting electrons; see Eq. (2.7)), is contained in the exchange-correlation
energy Exc[ρ]. By applying the variational principle method to the energy func-
tional Ev [ρ], Eq. (2.8), and minimizing it with respect to the electron density
ρ(⃗r ), we obtain a series of single-electron equations:

[
− 1

2
∇2 +Veff (⃗r )

]
ψi (⃗r ) = ϵiψi (⃗r ), (2.9)

with

Veff (⃗r ) =
∫

dr⃗ ′ ρ(⃗r ′)
|⃗r − r⃗ ′| +

δExc[ρ]

δρ(⃗r )
+Vext. (2.10)

Here, Veff is the effective potential for the system of non-interacting electrons. In
this effective potential, the first, second, and third terms represent the Hartree
potential, exchange-correlation potential, and external potential, respectively.
In Eq. (2.9), ψi and ϵi are the single-electron Kohn-Sham orbitals and eigen-
values, respectively. From the Kohn-Sham orbitals, the electron density is con-
structed as

ρ(⃗r ) =
N∑

i=1
|ψi (⃗r )|2. (2.11)

Equations (2.9)-(2.11) have to be solved self-consistently: one starts with a
trial electron density ρ(⃗r ), constructs the effective potential from Eq. (2.10),
finds a new ρ(⃗r ) from Eqs. (2.9) and (2.11), and iterates. The iteration loop
stops when the input and output electron densities are equal up to a specified
numerical precision. Once the self-consistency is established, the ground-state
energy within the Kohn-Sham scheme is obtained from

EKS =
N∑
i
ϵi − 1

2

∫ ∫
dr⃗ dr⃗ ′ ρ(⃗r )ρ(⃗r ′)

|⃗r − r⃗ ′| +Exc[ρ]−
∫

dr⃗ρ(⃗r )
δExc[ρ]

δρ(⃗r )
. (2.12)
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2.1.5 The exchange-correlation functionals

Making practical use of the Kohn-Sham scheme in materials calculations re-
quires knowledge of the exchange-correlation energy functional Exc[ρ]. Several
useful approximations for this complex functional have been developed. The
earliest and simplest approximation to the Exc[ρ] is the local density approxima-
tion (LDA) of Kohn and Sham [77]. In the LDA, it is assumed that the electrons
locally behave as a homogeneous electron gas. This means that the exchange-
correlation energy per electron of an inhomogeneous system of electrons at
spatial position r⃗ with density ρ(⃗r ) is approximated as that of a homogeneous
electron gas of the same density. This leads to

E LDA
xc [ρ] =

∫
dr⃗ρ(⃗r )ϵhom

xc (ρ(⃗r )), (2.13)

where ϵhom
xc (ρ(⃗r )) is the exchange-correlation per electron of a homogeneous

electron gas with density ρ(⃗r ). Based on its construction, the LDA may give
a good description for some simple solids like metals, with a spatially slowly
varying electron density. For molecules and atoms with a spatially fast varying
electron density, use of the LDA may yield serious errors [78].

An improved approximation for Exc[ρ] is the generalized gradient approxi-
mation (GGA) [79], in which the gradient of the electron density ∇⃗ρ is addi-
tionally taken into account. Within the GGA, Exc[ρ] is written as

E GGA
xc [ρ] =

∫
dr⃗ρ(⃗r )ϵGGA

xc (ρ(⃗r ),∇⃗ρ(⃗r )), (2.14)

where ϵGGA
xc (ρ(⃗r ),∇⃗ρ(⃗r )) is an exchange-correlation energy density that depends

on the local electron density and its local gradient. One of the most widely used
GGAs is the Perdew-Burke-Ernzerhof (PBE) approximation [79]. In practice, the
PBE often gives an improved ground-state energy in comparison to the LDA. But
the calculated lattice constants are often somewhat too long in the PBE, while
they are often too short in the LDA [78]. To improve the equilibrium lattice con-
stants, a PBE variant called ‘PBEsol’ (‘PBE for solids’) has been developed [80].
More accurate approximations like the meta-GGA, which additionally considers
the orbital kinetic energy density, and hybrid functionals, which include an ex-
act exchange component, demand more computational resources [78]. In this
thesis, we mainly use the PBEsol and in some cases PBE GGA functionals, as
they give a good trade-off between accuracy and computational cost.
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2.2 Binary alloying theory

2.2.1 Free energy

The reason why a phase transition occurs is that from a thermodynamics point
of view one state of a system becomes unstable relative to another state [81].
The rate at which a phase transition occurs is determined by the kinetics of
the transition (see Section 2.3). As a measure for the relative phase stability
of a material at constant temperature and pressure, the Gibbs free energy is
often used. The Gibbs free energy G is given by G = H −T S, where H is the
enthalpy, which is a measure of the heat content of the material, T is the tem-
perature, and S is the entropy of the material, a measure of the randomness of
the material. The enthalpy is normally given by H = U +PV , where U is the
internal energy of the material, P is the pressure, and V is the volume. For most
cases, in particular for solids and liquids with low compressibility under normal
atmospheric pressure, the PV term is negligible in comparison to the internal
energy U . Neglecting the PV term yields the Helmholtz free energy F =U −T S.
In this thesis the internal energy U and the enthalpy H are used interchange-
ably. Therefore, the free energy in the following text exclusively refers to the
Helmholtz free energy F . Note that V ,U , H ,S,G and F are extensive quantities
that are proportional to the amount of material. For ease of comparison, these
quantities are expressed per formula unit (f.u.) in this thesis.

To assess the stability of a binary alloy, one should consider the free energy
difference between the mixed phase and the pure phases. For a binary alloy
A1−xBx (or a pseudobinary alloy A1−xBxC), it is assumed that A and B have the
same crystal structures in their pure phases and can be mixed in any proportion
to make a solid solution with the same crystal structure [81]. The absolute free
energy F (x,T ) of a binary solution of A and B atoms can then be calculated from
the free energies of the pure A and pure B phases,

F (x,T ) = (1−x)F (0,T )+xF (1,T )+∆F (x,T ), (2.15)

where x is the relative concentration of B atoms and T is the temperature. The
sum of the first two terms denotes the average free energy of the pure A phase
and pure B phase before mixing. The third term is the mixing free energy of A
and B. With F (x,T ) =U (x,T )−T S(x,T ), the mixing free energy is then given by

∆F (x,T ) =∆U (x,T )−T∆S(x,T ), (2.16)

where ∆U is the mixing enthalpy and ∆S is the mixing entropy:

∆U (x,T ) =U (x,T )− [(1−x)U (0,T )+xU (1,T )], (2.17)
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and
∆S(x,T ) = S(x,T )− [(1−x)S(0,T )+xS(1,T )]. (2.18)

2.2.2 Phase diagrams

Based on the mixing free energy ∆F (x,T ), one can determine the phase stabil-
ity of a binary alloy A1−xBx by constructing the composition-temperature (x-T )
phase diagrams [61,62,81,82]. Figure 2.1 shows the schematic mixing free en-
ergy as a function of composition x and temperature T . It can be seen that the
mixing free energy decreases with increasing T . The corresponding x-T phase
diagram is shown in Fig. 2.1b. We find that the x-T space has been separated
into three regions by two curves. The blue curve is the binodal, separating the
stable (white) and metastable (grey) regions, whereas the red curve is the spin-
odal, separating the metastable and unstable (pink) regions. The point where
the binodal and spinodal meet is the critical point (xc, Tc). For temperatures
T > Tc, the mixed A1−xBx compound is thermodynamically stable for any x. For
temperatures T < Tc, a miscibility gap appears in between the two branches of
the binodal.

The binodal is obtained from the common tangent construction. As illus-
trated in Fig. 2.1a, the compositions x1 and x2 are the points where the tangent
of the free energy curve is the same when T < Tc. The common tangent indi-
cates that the chemical potentials of B atoms (or A atoms) at compositions x1

and x2 are equal. This leads to

∂∆F (x1,T )

∂x1
= ∂∆F (x2,T )

∂x2
. (2.19)

The pairs (x1, T ) and (x2, T ) that correspond to the points of the common
tangent are indicated by the grey dots in Fig. 2.1b. By varying the composition
x and the temperature T , one obtains the full binodal in x-T space. Inside the
interval x1 < x < x2, the mixing free energy ∆F (x,T ) can be reduced by halide
demixing into two phases with different compositions x1 and x2. The weighted
mixing free energy of the mixture of the two alloys A1−x1Bx1 and A1−x2Bx2 is
given by φ1∆F (x1,T )+φ2∆F (x2,T ), where φ1 and φ2 are the volume fractions of
the phases with compositions x1 and x2, respectively. We find φ1 = (x2 −x)/(x2 −
x1) and φ2 = (x − x1)/(x2 − x1), as obtained from the two conditions φ1 +φ2 = 1
and φ1x1 +φ2x2 = x. Here, the volume difference between the different phases
is assumed to be negligible. The weighted free energy is evidently lower than
that of the mixed alloy with composition x.
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Figure 2.1: Free energy and phase diagram. a Schematic of mixing free energies ∆F
as a function of composition x of a binary alloy A1−xBx at different temperatures T = 0,
0 < T < Tc, and T > Tc. The points x1 and x2 indicate the positions of the common
tangent of the free energy at a temperature T < Tc, while the points x′

1 and x′
2 indicate

the inflection points of the free energy at this temperature. b Schematic composition-
temperature, x-T , phase diagram. Blue curve: binodal separating the stable (white)
and metastable (grey) regions. Red curve: spinodal separating the unstable (pink) and
metastable regions. The interval x1 < x < x2 indicates the miscibility gap. Figure inspired
from Ref. [82].

The spinodal is obtained by determining the inflection points of the free
energy curve:

∂2∆F (x,T )

∂x2 = 0. (2.20)

For 0 < T < Tc, the inflection points (x ′
1, T ) and (x ′

2, T ) of the free energy curve
are indicated by the grey dots in Fig. 2.1b. Changing x and T yields the full
spinodal in x-T phase space. Inside the spinodal, for x ′

1 < x < x ′
2, small fluctua-

tions in composition can lead to a decrease in free energy by a barrierless phase
separation of a mixed A1−xBx alloy into an A-rich phase with composition x1 and
a B-rich phase with composition x2. This process is called ‘spinodal decomposi-
tion’. Outside the spinodal but inside the binodal, for x1 < x < x ′

1 and x ′
2 < x < x2,

small variations in composition lead to an increase in free energy. The free en-
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ergy can in this case only be reduced by nucleating a phase with a composition
that is very different from the composition x of the mixed phase. Therefore, in
this metastable region the mixed phase is thermodynamically trapped in a local
minimum and a nucleation barrier needs to be crossed for phase segregation
and growth of a new phase.

2.2.3 Quasi-Chemical Approximation

The Quasi-Chemical Approximation (QCA) is an approximation that is often
used to calculate the Helmholtz mixing free energy of a binary alloy [61–65].
As depicted in Fig. 2.2, in the QCA the lattice of a binary alloy A1−xBx contain-
ing N sites is arbitrarily divided into an ensemble of M n-atom microclusters,
which are treated independently. For each microcluster, there are 2n different
possibilities of arranging A or B atoms on the n lattice sites. With a specific
symmetry, those microclusters are then grouped into J classes of distinct cluster
energies E j ( j = 1,2, ..., J). The cluster fraction of class j containing M j micro-
clusters is then given by x j = M j /M . With n j the corresponding number of B
atoms in class j , the composition is constrained to satisfy

J∑
j=1

x j = 1, and
J∑

j=1
n j x j = nx. (2.21)

For a binary alloy A1−xBx configured within the set of independent microclus-
ters {M j }, the enthalpy of the alloy becomes U (x,T ) = ∑J

j=1 M j E j . According to
Eq. (2.17), the mixing enthalpy of the alloy for a specific composition x is then
given by

∆U (x,T ) =
J∑

j=1
M j E j −M [(1−x)E1 +xE J ]

= M
J∑

j=1
x j∆U j ,

(2.22)

where ∆U j is defined as the excess energy (mixing enthalpy) at the discrete
compositions in class j :

∆U j = E j − [(1−n j /n)E1 +n j /nE j ]. (2.23)

For the calculation of the mixing free energy, Eq. (2.16), one has to deter-
mine the mixing entropy, which can be obtained from the Boltzmann definition
∆S(x,T ) = kB lnΦ, with Φ the number of ways the alloy can be configured with
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Figure 2.2: Schematics of the Quasi-Chemical Approximation (QCA) applied to a binary
alloy A1−xBx .

the set of clusters {M j }. Under the hypothesis that all the clusters are indepen-
dent, Φ can be written as

Φ= M !∏J
1 M j !

J∏
1

(g j )M j . (2.24)

Here, g j is the degeneracy, which accounts for the number of ways to arrange
the A-B atoms in class j with energy E j . The term M !/

∏J
1 M j ! denotes the num-

ber of ways to arrange the set of microclusters and
∏J

1(g j )M j the number of
ways to arrange the A-B atoms in the set of microclusters. Using Stirling’s ap-
proximation, the mixing entropy that is associated with the number of possible
microclusters of the alloy then becomes

∆S(x,T ) =−kBM
J∑

j=1
x j ln

(
x j /g j

)
. (2.25)

Introduce the ideal cluster fractions of a strictly regular solution, x0
j = g j xn j (1−

x)n−n j , the mixing entropy Eq. (2.25) can be rewritten as

∆S(x,T ) =−kB

{
N [x ln x + (1−x) ln(1−x)]+M

J∑
j=1

x j ln
(
x j /x0

j

)}
. (2.26)
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Equations (2.22) and (2.26) fully determine the Helmholtz mixing free en-
ergy as a function of x and T when inserted into Eq. (2.16), given that the clus-
ter fractions x j are known. In the QCA method, the free energy is minimized to
obtain the equilibrium state of the alloy with respect to the microcluster distri-
bution, ∂∆F (x,T )/∂x j ≡ 0. This leads to the thermal equilibrium cluster fraction
for a given composition x:

x j =
g j exp

((
n jµB −∆U j

)
/kBT

)∑
j g j exp

((
n jµB −∆U j

)
/kBT

) , (2.27)

where µB is the chemical potential of atom B. This chemical potential should be
determined from the condition Eq. (2.21).

2.3 Nudged elastic band method

Finding the accurate minimum energy path (MEP) of quantum transitions giv-
ing rise to diffusion or chemical reactions is a challenging task. Over the past
years, the nudged elastic band (NEB) method [72,73] has been widely used to
find the MEP between a given initial and final state of a transition. With the
knowledge of the energy at the saddle point (the maximum of the MEP on the
potential energy surface) determined by the NEB method, the transition rates
can be calculated within the harmonic transition state theory (hTST) [71],

k =
∏3N

i=1νi∏3N−1
i=1 ν∗i

e−Eb/kBT . (2.28)

Here, N is the number of atoms in the system and kBT is the thermal energy,
and νi and ν∗i are the normal mode frequencies in the initial and transition
states, respectively. Eb is the energy difference between the transition state and
the initial state, which is referred to as the energy barrier. In the transition state,
one of the normal mode frequencies by definition has become zero. That mode
has been excluded from the product in the denominator of Eq. (2.28).

In the NEB method, the MEP is constructed by a sequence of intermediate
images (replicas) of the system between the initial and final state. The inter-
mediate images are usually created by linear interpolation between the initial
and final state. The path connecting the initial and final states by spring forces
mimics the ‘elastic band’, along which the intermediate images are optimized to
the MEP using a force projection scheme [72,73]. In this scheme, the true (po-
tential) force and spring force at each image are decomposed into components
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parallel and perpendicular to the path by making use of the normalized local
tangent at each image. In practice, only the perpendicular component of the
true force and only the parallel component of the spring force are included in
the optimizations. This force projection, which is referred to as ‘nudging’ [83],
ensures that the true force does not interfere with the distribution of images
along the MEP and the spring force does not affect the convergence of the elas-
tic band to the MEP [72,73].

Figure 2.3: The nudged elastic band (NEB) path is optimized to the minimum energy
path (MEP). The red and green dotted lines represent the NEB path and MEP, respec-
tively. The nudged elastic band force F⃗ NEB

i consists of two components: the spring force
F⃗ S

i |∥ along the normalized local tangent ˆ⃗τ and the true force F⃗i |⊥ perpendicular to this
local tangent. The unprojected true force F⃗i is also shown for completeness. Figure in-
spired from Ref. [84].

As illustrated in Fig. 2.3, a chain of intermediate images between the initial
and final states is optimized to the MEP using the NEB method [84]. Here, the
initial and final states have been optimized to the local energy minima by DFT
calculations. The aim is now to minimize the force acting on the images, bring
the band to the MEP, and ultimately find the saddle point(s) between the two
local minima. The NEB force acting on an image i at position R⃗i is calculated as
the sum of the true force perpendicular to the normalized local tangent ˆ⃗τi and
the spring force parallel to this local tangent [72,73],

F⃗ NEB
i = F⃗i |⊥+ F⃗ S

i |∥, (2.29)
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where the first term on the right-hand side is the perpendicular component of
the true force,

F⃗i |⊥ =−∇⃗Vi +∇⃗Vi · ˆ⃗τi
ˆ⃗τi , (2.30)

and the second term is the parallel component of the spring force,

F⃗ S
i |∥ = k(|R⃗i+1 − R⃗i |− |R⃗i − R⃗i−1|) ˆ⃗τi . (2.31)

Here, Vi is the energy of image i , V (R⃗i ), so that the derivative of the energy
with respect to the position R⃗i , −∇⃗Vi , is the true force F⃗i , and k is the spring
constant. Equation (2.31) is arbitrarily defined in the new implementation of
the regular NEB method3 and it ensures equal spacing of the images [73].

The local tangent at image i is taken as the vector pointing to the near-
est neighboring image of higher energy, which improves the convergence and
avoids the occurrence of artificial kinks in high force regions along the band.
The local tangent at image i is then given by [73]

τ⃗i =
{
τ⃗+i if Vi+1 >Vi >Vi−1

τ⃗−i if Vi+1 <Vi <Vi−1
, (2.32)

where τ⃗+i and τ⃗−i are the vectors to the nearest neighboring images,

τ⃗+i = R⃗i+1 − R⃗i , and τ⃗−i = R⃗i − R⃗i−1. (2.33)

If image i is at a minimum with energy Vi+1 >Vi <Vi−1 or at a maximum Vi+1 <
Vi > Vi−1, a linear interpolation between τ⃗+i and τ⃗−i is used to avoid stability
issues due to the possible abrupt change in the local tangent. Therefore, to
make a smooth switch, the local tangent for the image at extrema in this case is
taken as a weighted average of τ⃗+i and τ⃗−i , where the weight is obtained from
the energy difference of the image i and its two nearest neighboring images.
This leads to the local tangent for the image at the extrema [73]

τ⃗i =
{
τ⃗+i ∆V max

i + τ⃗−i ∆V min
i if Vi+1 >Vi−1

τ⃗+i ∆V min
i + τ⃗−i ∆V max

i if Vi+1 <Vi−1
, (2.34)

where

∆V max
i = max(|Vi+1 −Vi |, |Vi−1 −Vi |), and ∆V min

i = min(|Vi+1 −Vi |, |Vi−1 −Vi |).
(2.35)

3The parallel component of the spring force in the original implementation of NEB method is
given by [83] F⃗ S

i |∥ = k[(R⃗i+1 − R⃗i )− (R⃗i − R⃗i−1)] · ˆ⃗τi
ˆ⃗τi .
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It is noted that the tangent vector in Eq. (2.32) and Eq. (2.34) should be nor-
malized, ˆ⃗τ= τ⃗/|⃗τ|, for the practical implementation in Eqs. (2.29)-(2.31).

The resolution of the MEP close to the saddle point determined by the reg-
ular NEB method may not be excellent in practical calculations because the
optimized intermediate images may land far from the saddle point [72]. The
saddle point energy is then usually obtained from the interpolation, which may
cause large uncertainty. In this thesis, we employ an improved NEB method,
the climbing image nudged elastic band method (CI-NEB) [72, 73], to study
the dynamics of halide vacancy migration in metal halide perovskites. The CI-
NEB method has been implemented in the code ’VASP Transition State Tools’
(VTST)4. In the CI-NEB method, starting with a few iterations with the regular
NEB method, the image with the highest energy imax is selected as the climbing
image. No spring force along the local tangent is included acting on this climb-
ing image. The only force felt by the climbing image is assumed to be the sum of
the perpendicular component and the inverted parallel component of the true
force,

F⃗ CI-NEB
imax

= F⃗imax |⊥− F⃗imax |∥
=−∇⃗Vimax +2∇⃗Vimax · ˆ⃗τimax

ˆ⃗τimax ,
(2.36)

while for other intermediate images the force is given by Eq. (2.29). Since the
climbing image is not affected by the spring forces, the equal spacing of the
images is not necessarily guaranteed anymore [72]. The CI-NEB method allows
bringing the climbing image to the saddle point with negligible additional com-
putational cost in comparison to the regular NEB method. The CI-NEB calcula-
tions converge when the NEB forces of all images drop below a given criteria.

2.4 Kinetic Monte Carlo method

The kinetic Monte Carlo (kMC) method is used to compute the kinetic tra-
jectory of a system by propagating the system dynamically from state to state
[67,68,70,85,86]. In the kMC method, the transitions are simulated as instan-
taneous events that take place as part of a Markovian random walk [68, 85].
This is justified by the assumption that the vibrational time scale for the system
in a state is much smaller than the time scale for a transition to occur. The tran-
sition event then becomes effectively memoryless, since all history about how
the system entered a state is lost due to the vibrations between two consecutive
transitions.

4https://theory.cm.utexas.edu/vtsttools/index.html
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The kMC method is primarily based on a stochastic algorithm that is con-
structed by a joint transition probability density function, P (τ,µ), defined on a
space of a continuous random variable τ (0 ≤ τ < ∞), and a discrete random
variable µ (µ= 1,2, ..., M) [67,68,70,85]. Here, τ stands for the residence time,
i.e., the time the system stays in a state before the next transition occurs, and µ

labels the possible transitions. The probability that the transition µ happens as
the next transition event in the time interval between τ and τ+dτ is P (τ,µ)dτ.
The integral of the summed probability density should be equal to 1, that is∫ ∞

0 dτ
∑M
µ=1 P (τ,µ) ≡ 1.

If all M possible transitions are known for the current state, then the prob-
ability density function for a transition µ to occur after a time span τ is given
by [68,85]

P (τ,µ) = kµe−
∑M
µ=1 kµτ. (2.37)

Here, kµ is the rate for the transition µ, which is its transition probability per
unit time. For a transition happening in a material, like the hopping of a halide
vacancy, the transition rate kµ can be obtained from the hTST, Eq.(2.28), in Sec-
tion 2.3. Summing P (τ,µ) over all possible transitions µ yields the probability
density function for the occurrence of any transition:

P (τ) =
M∑
µ=1

kµe−
∑M
µ=1 kµτ. (2.38)

Thus, P (τ)dτ is the probability that the next transition event will occur between
times τ and τ+ dτ, irrespective of which transition it might be. Integrating
P (τ,µ) over τ from 0 to +∞ results in the discrete probability density function
of transition µ: 5

P (µ) = kµ∑M
µ=1 kµ

. (2.39)

It represents the probability that the next transition will be the µth transition.
Equations (2.37)-(2.39) imply that τ is an exponentially distributed random

variable and that the label µ of the next transition to occur is a statistically
independent integer random variable with probability Eq. (2.39). The transition
for a system from one state to another state can be simulated by choosing a pair
of random numbers for µ and τ that account for the correct probability density
of occurrence of transition µ at time τ.

5For simplicity, P (µ|τ) used in Ref. [68] is replaced by P (µ) in this thesis.
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We choose the transition that will occur next by drawing a uniform random
number r1 ∈ [0,1] and determining µ from

µ−1∑
ν=1

kν < r1

M∑
ν=1

kν ≤
µ∑
ν=1

kν. (2.40)

This ensures that the probability of selecting transition µ is proportional to its
rate, as required by Eq. (2.39).

We advance the time by drawing a second uniform random number r2 ∈ (0,1]
and determining τ from

τ=− ln(r2)∑M
µ=1 kµ

. (2.41)

This ensures that τ is exponentially distributed following the probability density
function P (τ) in Eq. (2.38).

The implementation of the kMC algorithm is relatively straightforward and
consists of the following steps:
1. Initialization: To set up the system, all input parameters must be known
and read in by the program. The starting time is set to t = 0 and the simulation
end time tend is specified. The specific initialization for halide vacancy diffusion
in this thesis, i.e., the size of the simulation lattice, vacancy concentration, pho-
tocarrier concentration, migration barrier, and other parameters can be found
in Chapter 6.
2. Calculate transition rates: The kMC method is based on the assumption
that all physical processes have a transition rate, given by an equation like
Eq. (2.28). In this thesis, the transition rates (hopping rates) of the halide
vacancies in the mixed halide perovskite are determined by a consideration of
the sum of the vacancy migration barrier and the photocarrier energy difference
between the current and next state. The details of the calculation of the transi-
tion rates are given in Chapter 6. All the calculated rates are then summed to
provide the total rate appearing in the denominator of Eq. (2.41).
3. Execute the transition event: Two uniform random numbers r1 and r2

are drawn to advance the system in time. The next transition µ to occur is
determined by Eq. (2.40) and the time τ is calculated from Eq. (2.41). The
configuration of the system is updated according to the transition µ and the
time is advanced by τ.
4. Repeat and output: Steps 2 and 3 are repeated until the end time tend is
reached. When the termination condition is fulfilled, the selected transitions
are processed to obtain the trajectory of the system, from which all information
about the kinetics of the system can be extracted.





Chapter 3
Unified theory for light-induced
halide segregation in mixed
halide perovskites

Mixed halide perovskites that are thermodynamically stable in the dark demix
under illumination. This is problematic for their application in solar cells. In
this chapter, we present a unified thermodynamic theory for the light-induced
halide segregation that is based on a free energy lowering of photocarriers fun-
nelling to a nucleated phase with different halide composition and lower band
gap than the parent phase. We apply the theory to a sequence of mixed iodine-
bromine perovskites. The spinodals separating metastable and unstable regions
in the composition-temperature phase diagrams only slightly change under illu-
mination, while light-induced binodals separating stable and metastable regions
appear signalling the nucleation of a low-band gap iodine-rich phase. We find
that the threshold photocarrier density for halide segregation is governed by the
band gap difference of the parent and iodine-rich phase. Partial replacement of
organic cations by cesium reduces this difference and therefore has a stabilizing
effect.

This chapter is based on the publication: Chen, Z., Brocks, G., Tao, S. & Bobbert, P. A. Unified
theory for light-induced halide segregation in mixed halide perovskites. Nat. Commun. 12, 1–10
(2021).
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3.1 Introduction

Metal-halide perovskites have an extraordinary optoelectronic performance in
solar energy harvesting and light emission applications [14–16, 87–91]. The
flexibility of the perovskite ABX3 structure - where A is an organic or inorganic
cation, B is a metal cation like Pb or Sn, and X is a halide anion like I or Br - al-
lows to stabilize a preferred phase and tune the band gap through compositional
alloying on different lattice sites [18,21–30]. Notably, mixed halide perovskites
have been successfully used in tandem solar cells, where the band gaps in the
two light-absorbing layers should be optimally tuned [29, 31, 32]. However,
one of the biggest problems in mixed halide perovksites is their photoinsta-
bility, specifically light-induced halide segregation [28, 36, 38, 92]. Studies on
mixed halide perovskites show that exposure to continuous illumination leads
to separation of the different halide ions, resulting in the formation of low- and
high-band gap domains. The low-band gap domains act as photocarrier traps, as
evidenced by redshifts in photoluminescence observations [28,36,38,92]. The
demixing is reversible, because when kept in the dark for a sufficient amount of
time, the perovskites return to their original mixed state. An important finding
is the existence of a threshold intensity for halide segregation [38, 93]. The
reversibility and the existence of an illumination threshold suggest a thermody-
namic origin of the effect.

Many strategies have been proposed to suppress this halide segregation,
such as enhancing grain size and improving overall crystallinity [54], reducing
carrier diffusion lengths [38], partial substitution of Pb with Sn [58], applica-
tion of external pressure [55], alloying Cl into the I/Br lattice [59], and A-cation
alloying [16, 37, 48, 60]. A-cation alloying has attracted significant attention
and has proven to be effective against halide segregation. It has been found
that MA/Cs, FA/Cs, and FA/MA/Cs mixed halide perovskites (MA stands for
methylammonium and FA for formamidinium) exhibit a reduced tendency for
halide segregation [16,37,48,55,60,94,95]. In Ref. [94] the reduced tendency
for halide segregation when replacing MA by Cs was attributed to the smaller
polarizability of Cs+ as compared to MA+, which would reduce electron-phonon
coupling and suppress halide segregation. In a previous study, we have shown
that A-cation alloying can change the band gap by changing the volume of the
ABX3 unit cell or by introducing octahedral distortions [96]. These structural
deformations change the hybridization between the B- and X-site ions, which
changes the conduction band minimum and valence band maximum energies.
These electronic changes resulting from A-cation alloying may also contribute
to phase stability improvements.
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Several explanations have been given for light-induced halide segregation.
Polaron-induced strain gradients under illumination have been suggested to
drive the nucleation of low-band gap iodine-rich domains [49,50]. Other stud-
ies suggest that local electric fields caused by electron-hole pairs in the thin
film [51] or at the surface [52] are the driving force for ion migration and
demixing. It has also been proposed that a strong gradient in carrier gener-
ation rate through the film thickness can be a driving force for halide segre-
gation [53]. These explanations, however, do not account for the observed
existence of a threshold illumination intensity for halide segregation. A model
based on band gap differences between perovskites with different halide com-
position does account for a threshold illumination intensity [38]. In that model
it is suggested that the band gap difference between mixed I/Br and I-rich do-
mains, where photocarriers can reduce their free energy by funneling to the
I-rich domains, is the driving force behind the demixing. When applied to
MAPb(I0.5Br0.5)3, the model yields an illumination threshold that is of the same
order of magnitude as found in a recent experiment, but it leaves the observed
strong temperature dependence of the threshold unexplained [93].

There is a clear need for a unified theory for light-induced halide segrega-
tion in mixed halide perovskites that is transferable and flexible. Understand-
ing is lacking about the influence of temperature on the illumination intensity
threshold for halide segregation, but also about the role of material composi-
tion. For example, we are not aware of explanations for the improved pho-
tostability after partial Cs substitution in MAPb(I1−xBrx)3 and FAPb(I1−xBrx)3

[16,37,48,55,60,94,95]. From this we conclude that it is not understood how
A-site alloying influences the thermodynamic stability under illumination. Such
understanding is needed to avoid or mitigate the effect.

Here, we provide such a unified theory and apply it to light-induced halide
segregation in MAPb(I1−xBrx)3, FAPb(I1−xBrx)3, CsPb(I1−xBrx)3, MA7/8Cs1/8Pb-
(I1−xBrx)3, and FA7/8Cs1/8Pb(I1−xBrx)3, which are experimentally among the
most studied perovskite compounds. We have added the latter two compounds
to our study to investigate the influence of partial Cs substitution. The free
energy for each compound in the dark is determined using binary alloying the-
ory. By adding a contribution to the free energy from photocarriers, we ob-
tain a parameter-free theory that enables us to construct the phase diagrams
for each compound in the dark and under illumination, distinguishing stable,
metastable, and unstable regions. The theory also enables us to determine the
dependence of the illumination threshold for halide segregation on temperature
and material composition.
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3.2 Methods

3.2.1 Calculation of total energies

To calculate the total energies of the single-cation mixed halide perovskites
MAPb(I1−xBrx)3, FAPb(I1−xBrx)3, and CsPb(I1−xBrx)3, we start from a periodic
supercell of the pure I compounds containing 2 formula units, with a 2×1×1
expansion of a (pseudo)cubic perovskite building block. We then replace I
anions by Br anions at different concentrations x = 0, 1/6, 1/3, 1/2, 2/3,
5/6, 1. The total number of possible configurations for each single-cation
perovskite is 26 = 64. For the Cs perovskite with perfect Oh symmetry the
three halide sites are equivalent, which reduces the total number of inequiv-
alent configurations to 21. Accounting for the deviation from Oh symmetry
in the case of the MA and FA perovskites leads to an increase to 36 inequiva-
lent configurations. To include the Cs cations in the double-cation perovskites
MA7/8Cs1/8Pb(I1−xBrx)3 and FA7/8Cs1/8Pb(I1−xBrx)3, the 2×1×1 supercells of
the 36 inequivalent MAPb(I1−xBrx)3 and FAPb(I1−xBrx)3 configurations are re-
peated in two directions to construct 2×2×2 supercells containing 8 formula
units. The double-cation perovskites are then constructed by substituting one
of the 8 organic cations by Cs. The total number of inequivalent configurations
is then 2×36 = 72, where the factor 2 reflects the two inequivalent Cs substitu-
tions in the 2×2×2 supercell. In the case of MA3/4Cs1/4Pb(I1−xBrx)3, studied in
Appendix A.4, we substitute two of the MA cations on the body diagonal of the
supercell by Cs cations, preserving in this way symmetry as much possible.

The total energy calculations are performed within Density-Functional The-
ory (DFT). We use the projected augmented wave (PAW) [97] method and
the Perdew-Burke-Ernzerhof exchange-correlation functional revised for solids
(PBEsol) [80] within the generalized gradient approximation (GGA) [79], as
implemented in the Vienna ab initio simulation package (VASP) [98]. We use
4×8×8 and 4×4×4 k-point Brillouin zone samplings for the single-cation and
double-cation compounds, respectively, and a plane-wave kinetic energy cutoff
of 500 eV. The shape and volume of the unit cell as well as the atomic positions
in the unit cell of each configuration are fully optimized. The energy and force
convergence parameters are set at 0.01 meV and 0.005 eV/Å, respectively.
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3.2.2 Calculation of the mixing free energy

The mixing enthalpies ∆U j per formula unit of the inequivalent configurations
j = 1, . . . J with relative Br concentration x are given by

∆U j = E j − (1−x)EAPbI3 −xEAPbBr3 , (3.1)

where E j , EAPbI3 , and EAPbBr3 are the total energies per formula unit of con-
figuration j , the pure I configuration, and the pure Br configuration, respec-
tively. “A” denotes MA, FA, Cs, MA7/8Cs1/8, or FA7/8Cs1/8. The resulting en-
thalpies are given by the J = 36 points in Figs. 3.1f and g for MAPb(I1−xBrx)3 and
FAPb(I1−xBrx)3, respectively, and the J = 21 points in Fig. 3.1h for CsPb(I1−xBrx)3.
To treat the double-cation perovskites on the same footing as the single-cation
perovskites we take the average of the total energies of the two inequivalent Cs
substitutions, resulting in enthalpies given by the J = 36 points in Figs. 3.1i and
j. We checked that the mixing free energy curves (see below) for the two in-
equivalent Cs substitutions are almost indistinguishable, which validates taking
this average.

We apply the quasi-chemical approximation (QCA) [62] to obtain the mix-
ing enthalpy ∆U (x,T ), entropy ∆S(x,T ), and Helmholtz free energy ∆F (x,T )
as functions of the Br concentration x and temperature T 1 . The QCA has
been successfully employed in the thermodynamic analysis of semiconductor
alloys [61,63,64]. In the QCA, the perovskite lattice is decomposed into micro-
clusters, which are treated independently [62]. For the different microclusters
we take the J inequivalent configurations mentioned above. In the QCA, the
thermal equilibrium fraction of microclusters with configuration j is given by

x̄ j =
g j exp

((
n j (Br)µBr −∆U j

)
/kBT

)∑
j g j exp

((
n j (Br)µBr −∆U j

)
/kBT

) , (3.2)

where g j is the degeneracy and n j (Br) = 0,1,2,3 the number of Br anions per
formula unit of the configuration, and µBr is the Br chemical potential. This
chemical potential should be determined such that the desired Br concentration
is obtained: ∑

j
n j (Br)x̄ j = 3x. (3.3)

After having found µBr from this condition, the mixing enthalpy and entropy per
formula unit are obtained as:

∆U (x,T ) =∑
j

x̄ j∆U j , (3.4)

1 See section 2.2.3 for more details.
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and

∆S(x,T ) =−3kB

[
(1−x) ln(1−x)+x ln x +∑

j
x̄ j ln

(
x̄ j /x0

j

)]
, (3.5)

with x0
j = g j xn j (Br)(1− x)3−n j (Br). The mixing free energy is finally obtained as

∆F (x,T ) =∆U (x,T )−T∆S(x,T ).

3.2.3 Determination of the binodals and spinodals

To find the binodals we consider the possibility, starting from the mixed situa-
tion with Br concentration x, to decrease the free energy by demixing through
nucleation of a phase with a concentration x2 ̸= x with a small volume fraction
δφ ≡ φ2. In the mixed situation we can make the simplifying approximation
n ≈Gτ for the photocarrier density, because for all relevant illumination inten-
sities bimolecular recombination is then negligible. The free energy Eq. (3.11)
in the mixed situation is ∆F⋆(x, x,1,0,T ), while the free energy in the demixed
situation is ∆F⋆(x1, x2,1−δφ,δφ,T ), with, to linear order in δφ,

x1 = x − (x2 −x)δφ. (3.6)

The difference in free energy between the demixed and mixed situations is then
to linear order in δφ:

δ∆F⋆ = δφ
{
∆F (x2,T )−∆F (x,T )− (x2 −x)∂x∆F (x,T )

+n

[
exp

(
−Eg(x2)−Eg(x)

kBT

)(
Eg(x2)−Eg(x)

)− (x2 −x)E ′
g(x)

]
−n2kτexp

(
−2

Eg(x2)−Eg(x)

kBT

)
Eg(x)/V

}
,

(3.7)

with ∂x∆F (x,T ) ≡ ∂∆F (x,T )/∂x. When δ∆F⋆ < 0, the demixed situation has a
lower free energy than the mixed situation. We thus find the binodals in Fig. 3.3
for a certain photocarrier density n by looking in x-T phase space for a value of
x2 of a nucleated phase for which δ∆F⋆ = 0. The dashed lines in Fig. 3.3 give
the Br concentration x2 of the nucleated phase. For the light-induced binodals
x2 is very small, indicating the nucleation of a low-band gap I-rich phase. When
we put x2 = 0 in Eq. (3.7) we get

δ∆F⋆ ≈ δφ
{
−∆F (x,T )+x∂x∆F (x,T )+n

[
−∆Eg(x)exp

(
∆Eg(x)

kBT

)
+xE ′

g(x)

]
−n2kτexp

(
2
∆Eg(x)

kBT

)
Eg(x)/V

}
,

(3.8)
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where ∆Eg(x) = Eg(x)−Eg(0) is the band gap difference between the mixed and
the pure I phase. The term xE ′

g(x) is found to be very small and can be neglected.
Putting δ∆F⋆ = 0 and solving for n yields the threshold photocarrier density
Eq. (3.13), which provides an extremely good approximation to the curves in
Fig. 3.4.

To find the spinodals we consider the possibility to decrease the free energy
by generating a volume fraction φ of a phase with a slightly different concentra-
tion x2 = x +δx. The free energies in the demixed situation can now be written
as ∆F⋆(x−φδx/(1−φ), x+δx,1−φ,φ,T ). To second order in δx the difference in
free energy then becomes

δ∆F⋆ = φ(δx)2

2(1−φ)

{
∂2

x∆F (x,T )+n

[
−2

(
E ′

g(x)
)2

/kBT +E ′′
g (x)

]}
. (3.9)

When δ∆F⋆ < 0, the demixed situation can be established from the mixed sit-
uation in a continuous way, without crossing a free energy barrier. Putting
δ∆F⋆ = 0 thus yields the spinodal separating the metastable from the unstable
region in x-T phase space.

We note that for the unilluminated case (n = 0, see the top panels in Fig. 3.3)
the above procedures to find the binodals and spinodals are identical to the
usual procedures, where the binodals are found from a common tangent con-
struction and the spinodals from the inflection points of ∆F as a function of x.
These usual procedures can be applied when the mixing free energy is equal
to the volume-weighted sum of the free energies per volume of the different
phases, which holds in the dark but not under illumination.

3.3 Results

3.3.1 Free energy in the dark

We first consider the compositional Helmholtz free energy of the five com-
pounds, applicable to the situation in the dark, within the quasi-chemical ap-
proximation (QCA, see the details in Section 2.2.3) of binary alloying the-
ory [62]. This starts with a calculation of the configurational mixing enthalpy
∆U of the compounds (see Eq. (3.1) in “Methods”). For this we calculate
within density functional theory (DFT) the energy of possible configurations
of the halide anions in a supercell geometry. For the single-cation compounds
MAPb(I1−xBrx)3, FAPb(I1−xBrx)3, and CsPb(I1−xBrx)3 we take supercells with
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two formula units, following Brivio et al. [61], while for the double-cation com-
pounds MA7/8Cs1/8Pb(I1−xBrx)3 and FA7/8Cs1/8Pb(I1−xBrx)3 we take supercells
with eight formula units. Figs. 3.1a-e display for each of the five compounds
the configurations with the lowest mixing enthalpy for x = 0.5. The mixing en-
thalpies per formula unit (f.u.) for the possible configurations of the I and Br
anions in the supercell are given by circles in Figs. 3.1f-j.

By applying the QCA we obtain from the mixing enthalpies of the possible
configurations at discrete relative Br concentrations x = 0,1/6,1/3,1/2,2/3,5/6,1
the mixing enthalpy ∆U (x,T ) as a continuous function of x. The curves in
Figs. 3.1f-j show ∆U (x,T ) for different temperatures T in the range 150-350
K. Figures 3.1k-o display the mixing free energy ∆F (x,T ) =∆U (x,T )−T∆S(x,T )
per formula unit, where ∆S(x,T ) is the configurational mixing entropy.

In the single-cation materials, the width of the distribution in the mixing
enthalpy ∆U for the different halide configurations increases in the order Cs–
MA–FA of increasing cation size. The explanation is that, because of the differ-
ent sizes of the halide anions (I is bigger than Br), the strain in the lattice for
the different halide configurations is best accommodated for by CsPb(I1−xBrx)3,
followed by MAPb(I1−xBrx)3 and FAPb(I1−xBrx)3. The increasing cation size in
this sequence is also reflected in the order of increasing unit cell volumes of the
three compounds (see Appendix A.1). The incorporation of Cs in a relative con-
centration of 1/8 in MA7/8Cs1/8Pb(I1−xBrx)3 and FA7/8Cs1/8Pb(I1−xBrx)3 shows
an expected slight decrease of the width of the distribution as compared to
MAPb(I1−xBrx)3 and FAPb(I1−xBrx)3. The width of the distribution in the mix-
ing enthalpy affects the symmetry x → 1− x in the mixing free energies curves,
with the curves for CsPb(I1−xBrx)3 being the most and those for FAPb(I1−xBrx)3

the least symmetric. This has an effect on the symmetry of the phase diagrams,
as we will show further on.

3.3.2 Light-induced halide segregation

The key ingredient of our unified theory for light-induced halide segregation
is the consideration of the combination of the compositional free energy in
the dark and the free energy of photocarriers in the presence of illumination.
Photocarriers can reduce their free energy by funneling to low-band gap do-
mains [38], which leads to a driving force for halide demixing, as illustrated in
Fig. 3.2a. It is well known that halide anions in metal-halide perovskites are
quite mobile. Because of stochastic fluctuations in halide composition, I-rich
regions with lower band gap than the parent phase will spontaneously arise.
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Figure 3.1: Mixing enthalpy and free energy of mixed I/Br perovskites in the dark.
a-e Atomic structures of the most stable configurations of the different compounds at
relative Br concentration x = 0.5. Red spheres: I. Blue spheres: Br. White spheres inside
octahedra: Pb. Green spheres: Cs. Cationic molecules in between octahedra: methy-
lammonium (MA) or formamidinium (FA). f-j Mixing enthalpy per formula unit (f.u.)
as a function of Br concentration. Circles: values calculated for each mixed configura-
tion. Filled circles: values for the most stable configurations at x = 0.5, displayed in a-e.
Curves: results for the quasi-chemical approximation (QCA) at different temperatures.
k-o Mixing free energy per formula unit as a function of Br concentration.

Accumulation of diffusing photocarriers in these regions will reduce the photo-
carrier free energy. The free energy can then be further reduced by growth of
these regions by inward diffusion of I, leading to nucleation of an I-rich phase
and to phase separation. Because the stoichiometry cannot change, the inward
diffusion of I should be accompanied by outward diffusion of Br.

In our theory, band gap differences of perovskites with different halide com-
positions play a central role. Figure 3.2b shows the band gaps as a function of
Br concentration x for the five compounds. The band gaps of the three single-
cation perovskites are obtained from experiment [28–30], while the band gaps
of the two double-cation perovskites are obtained from an interpolation scheme
(see Appendix A.2). The differences in band gap for different halide composi-
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Figure 3.2: Mechanism of light-induced halide segregation. a Nucleation of an I-
rich phase from a mixed I/Br phase under illumination. The compositional free energy
favours mixing, but this is dominated by a free energy decrease favouring demixing
due to funneling of electrons and holes into low-band gap I-rich nuclei that grow by
inward diffusion of I and outward diffusion of Br. b Band gap as a function of relative Br
concentration x for the different compounds.

tions are mainly caused by differences in energy of the valence band maxima,
where an increase in Br concentration decreases the energy of the valence band
maximum [38]. So, it will be mainly the photogenerated holes that can reduce
their free energy by funneling into I-rich domains. The electrons will follow
the holes to establish local charge neutrality. The steepness of the band gap
curves decreases for different cation compositions in the order FA–FA7/8Cs1/8–
MA–MA7/8Cs1/8–Cs, following the decreasing trend in the (average) cation size.
The decrease in steepness of the band gap curves with Cs alloying may look
surprising, because the A-site cation does not directly contribute to the states
governing the band gap. However, A-cation alloying can change the band gap
indirectly by changing the volume of the unit cell or by introducing octahedral
distortions [96].

The total system consisting of the perovskite with its distribution of halide
anions and the generated photocarriers will try to lower its free energy by com-
bined motion of halide anions and photocarriers. The free energy of the total
system is the compositional free energy of the perovskite for a certain distribu-
tion of the halide anions (the free energy in the dark) and the free energy of a
certain distribution of the photocarriers. Because the diffusion of photocarriers
is much faster than that of the halide anions, the distribution of the carriers
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over the different phases will be at any moment in time in equilibrium. We
define n as the density of photogenerated electrons or holes per formula unit
in the mixed phase. When n ≪ 1, we can use Boltzmann instead of Fermi-Dirac
statistics for the distribution of photocarriers. If phase separation occurs into
two phases with Br concentrations x1 and x2, the photocarriers will redistribute
over these two phases according to the Boltzmann factors exp

(−Eg(x1)/kBT
)

and
exp

(−Eg(x2)/kBT
)
, where Eg(x) is the band gap as a function of Br concentration

x and kBT the thermal energy. This leads to

n2/n1 = e−(Eg(x2)−Eg(x1))/kBT , (3.10)

where n1 and n2 are the photocarrier densities in the two phases. With φ1 and
φ2 the corresponding volume fractions of the two phases, the mixing free energy
∆F⋆ per formula unit under illumination then becomes

∆F⋆(x1, x2,φ1,φ2,T ) =φ1∆F (x1,T )+φ2∆F (x2,T )+n1φ1Eg(x1)+n2φ2Eg(x2).
(3.11)

Neglecting the small volume difference per formula unit between the two phases,
the conditions φ1 +φ2 = 1 and φ1x1 +φ2x2 = x should hold. The sum of the first
and second terms in Eq. (3.11) is the volume-weighted compositional mixing
free energy in the dark. The sum of the third and fourth terms is the photocar-
rier contribution to the free energy. Because the band gap difference between
the I-rich and parent phase is in general much larger than the thermal energy
(kBT ≈ 25 meV at room temperature), even a low illumination intensity can ac-
cording to Eq. (3.10) lead to a relatively large change of ∆F⋆, which manifests
the funneling effect.

In steady state, the rate of generation of photocarriers in the system should
be equal to the sum of the rates of photocarrier annihilation by monomolecular
and bimolecular recombination in the different phases:

G =φ1
(
n1/τ+kn2

1/V
)+φ2

(
n2/τ+kn2

2/V
)

. (3.12)

Here, G is the photocarrier generation rate per formula unit, which is propor-
tional to the illumination intensity. The monomolecular and bimolecular recom-
bination rates are given by an inverse photocarrier lifetime τ and a bimolecular
recombination rate constant k, for which we take τ= 100 ns and k = 10−10 cm3

s−1, applicable for a standard MAPbI3 film [99]. For the volume per formula
unit V we take the value 2.5×10−22 cm3 for MAPbI3 (see Appendix A.1).

Equations (3.10)-(3.12) are the basis of our unified theory for light-induced
halide segregation. With Eqs. (3.10) and (3.12), n1 and n2 can be calculated for
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a given G. Insertion in Eq. (3.11) then yields the mixing free energy under illu-
mination, from which the spinodal and binodal for halide phase segregation can
be obtained (see “Methods”). We note that Eqs. (3.10)-(3.12) are only generally
applicable if the diffusion lengths of the photogenerated holes and electrons are
large compared to the feature sizes of the demixing. In that case an equilibrium
distribution of holes and electrons is established over the two phases throughout
the system, with a homogeneous photocarrier density in each phase. However,
we will use these equations only to determine the onset of phase separation.
The sizes of the nuclei are then much smaller than the diffusion lengths, so that
the distribution of holes and electrons within the nuclei is homogeneous. The
distribution in the parent phase can then still be inhomogeneous, but this does
not affect the applicability of our theory to the onset of phase separation (see
Appendix A.3).

3.3.3 Phase diagrams

In Figs. 3.3a-e we show the x-T phase diagrams for the five mixed compounds in
the dark, obtained from Eq. (3.11) for vanishing photocarrier density. The red
lines are the spinodals separating the metastable (grey) and unstable (pink)
regions. The blue lines are the binodals separating the stable (white) and
metastable regions. Apart from FA7/8Cs1/8Pb(I1−xBrx)3, miscibility gaps appear
below the critical points (xc,Tc), where the critical temperature Tc is below
room temperature. This means that at room temperature the mixed compounds
are thermodynamically stable. The critical temperatures decrease for differ-
ent cation compositions in the order MA–FA–Cs–MA7/8Cs1/8. The results show
that changing MA by FA as well as mixing in Cs in the MA and FA compounds
has a stabilizing effect in the dark. The amount of asymmetry in the phase
diagrams under the change x → 1− x in Figs. 3.3a-e is in accordance with the
amount of asymmetry in the free energy curves shown in Figs. 3.1k-o. The com-
pound FA7/8Cs1/8Pb(I1−xBrx)3 is special in the sense that it is stable in the dark
for all values of x and T . Like MA7/8Cs1/8Pb(I1−xBrx)3, the free energy curves
are strongly asymmetric, but in contrast to MA7/8Cs1/8Pb(I1−xBrx)3 no points
of common tangent or inflection points occur, which would be the locations of
the binodals and spinodals, respectively; see Figs. 3.1l and o. We checked that
this situation does not change for T < 150 K, which is the lowest temperature in
Fig. 3.1, so that there is no critical temperature.

We note that in the case of MAPb(I1−xBrx)3 our phase diagram in the dark
differs from that of Brivio et al. [61]. In particular, our Tc of 266 K is below the
value of 343 K in Ref. [61]. The reason for the difference is that in Ref. [61] the
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Figure 3.3: Phase diagrams at different photocarrier densities. a-e Phase diagrams
in the dark of the different compounds in the temperature window 150-350 K. f-t Phase
diagrams for photocarrier densities n = 10−9, 10−7, and 10−5 per formula unit (f.u.). Red
lines: spinodals separating the metastable (grey) and unstable (pink) regions. Full blue
and green lines: binodals separating the stable (white) and metastable regions, with the
blue (green) lines indicating the compositional (light-induced) binodals. When entering
the metastable region by crossing the compositional (light-induced) binodals, nucleation
of a phase with a Br concentration indicated by the dashed blue (green) lines becomes
favourable. The dots indicate the possible coexistence of three phases: the parent phase
(black dots) and two types of nucleated phases with different Br concentration (blue and
green dots).

symmetry lowering by the specific orientation of the MA cations is neglected,
leading to a reduction of the number of considered different configurations of
the halide anions. The finding that our Tc is below room temperature is in
agreement with the observation that MAPb(I1−xBrx)3 does not phase separate
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at room temperature in the dark [36]. This comparison does show that sub-
tle differences in the way the free energy is calculated can have a substantial
influence on the phase diagram. Therefore, also our phase diagrams can have
inaccuracies that are related to, e.g., the specific exchange-correlation func-
tional used in the DFT calculations (see “Methods”) and the limited size of the
used supercells. Also, thermally induced random orientations of the MA and
FA molecules [100] can influence the phase diagrams. On the other hand, we
expect that the observed trends in the phase diagrams are reliable, because the
relative accuracies in the calculations of the free energies under I↔Br exchange
for the investigated compounds are expected to be better than the absolute ac-
curacies. It is important to note at this point that the threshold photocarrier
densities for light-induced halide segregation (see next section) mainly depend
on band gap differences and are hardly influenced by the phase diagrams in the
dark.

Figures 3.3f-t show the phase diagrams of the five compounds under illumi-
nation, obtained from Eqs. (3.10)-(3.12) for different photocarrier densities in
the mixed state of n = 10−9, 10−7, and 10−5/f.u. Using an absorption coefficient
α = 105 cm−1 and a photon energy hν = 3 eV [38], a value of n = 5×10−7/f.u.
corresponds to an illumination intensity I = 100 mW cm−2 of approximately 1
Sun (n ≈ IαV τ/hν when we neglect bimolecular recombination in the mixed
state). We observe that the spinodals only slightly change with increasing pho-
tocarrier density. By contrast, important changes occur in the behaviour of the
binodals with increasing n. Our theory predicts the existence of two types of
binodals. The first type (full blue lines) can be viewed as a modification of the
dark binodals by the illumination, which we will call “compositional binodals”.
Under illumination, a new type of binodals appears (full green lines), which we
will call “light-induced binodals”. These binodals can be crossed by increasing
the illumination intensity, but also by decreasing the temperature. The latter is
a prediction of our theory that is experimentally testable.

With increasing photocarrier density, the phase diagrams fall into two cate-
gories, observable for all compounds except FA7/8Cs1/8Pb(I1−xBrx)3. (1) At low
photocarrier density n = 10−9/f.u. (Figs. 3.3f-i) the compositional binodals con-
nect to the light-induced binodals after the critical point and both left and right
branches of the binodals exist. When the left (right) branches of the composi-
tional binodals are crossed by increasing (decreasing) x or decreasing T , a phase
is nucleated that is Br-richer (I-richer) than the parent phase, indicated by the
dashed blue lines. We note that the dashed blue lines do not exactly coincide
with the full blue lines at the top of the binodals. (2) At high photocarrier den-
sity n = 10−5/f.u. (Figs. 3.3p-s) the compositional binodals connect to the green
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binodals before the critical point and only left branches of the compositional
binodals exist. Figure 3.3k displays for MAPb(I1−xBrx)3 a phase diagram that
is very close to the transition between the two categories of phase diagrams,
whereas Figs. 3.3l-n show both category-1 and category-2 phase diagrams for
FAPb(I1−xBrx)3, CsPb(I1−xBrx)3, and MA7/8Cs1/8Pb(I1−xBrx)3.

For both categories of phase diagrams, a phase is nucleated that is I-richer
than the parent phase when the light-induced binodals are crossed by increas-
ing x or decreasing T , as indicated by the green dashed lines. Interestingly,
triple points (xtr,Ttr) exist where two different phases with different halide com-
position can be nucleated from the parent phase. The Br concentrations of the
parent phase (xtr) and the two phases that can be nucleated at the triple points
are indicated by dots in Fig. 3.3. For category-1 phase diagrams the Br con-
centrations of the nucleated phases at the triple points (blue and green dots)
both have a lower Br concentration than the parent phase (black dot), whereas
for category-2 phase diagram one nucleated phase is Br-richer and the other is
I-richer than the parent phase. The predictions of two categories of phase dia-
grams and the existence of triple points are unique features of our theory. Their
experimental observation by careful experimentation would be extremely inter-
esting and could substantially increase our knowledge of light-induced halide
segregation. MAPb(I1−xBrx)3 could be a good candidate to experimentally in-
vestigate the occurrence of triple points. It is predicted by us to have the high-
est critical temperature (266 K) of the investigated compounds. This has the
advantage that the thermally activated motion of the halide ions is the least
suppressed around the critical point, which facilitates the observation of the
segregation. Down to 235 K, for which MAPbBr3 shows a cubic to tetragonal
transition [101], no interfering structural transitions are expected. One can take
x slightly higher or slightly lower than the critical Br concentration xc = 0.35 to
investigate the triple points of the type shown in Figs. 3.3f and p, respectively.
By tuning the temperature and the illumination level these triple points can then
be searched for by looking at, e.g., different features in the absorption spectrum.

Our finding that x ≈ 0 for the photosegregated I-rich phase (see the dashed
green lines in Fig. 3.3) seems at odds with the experimental finding of Hoke et
al. that x ≈ 0.2 when segregation is complete [36]. An explanation for the latter
finding was given by Ruth et al. [66]. In their kinetic Monte Carlo simulations
of vacancy-mediated hopping of I and Br ions during the phase segregation
process, Br ions get kinetically trapped in the I-rich nuclei, with a final con-
centration close to 0.2. Our theory applies to the onset of phase segregation
and is therefore not incompatible with this result. There is recent experimental
evidence from photoluminescence measurements that halide segregation com-
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mences with an almost I-pure phase, which gradually becomes less pure by
inclusion of Br [102,103]. This is in line with our argument.

3.3.4 Threshold photocarrier densities

Figure 3.4 shows for the five compounds results for the threshold photocarrier
density nt for halide segregation. This is the value of n at which the light-
induced binodals are crossed for a given Br concentration x and temperature
T (the full green lines in Figs. 3.3f-t). The light-induced nucleated phase is
almost 100% I-rich (see the dashed green lines in Figs. 3.3f-t). From this fact,
the following very accurate expression can be derived for nt (see “Methods”):

nt ≈ f (x,T )exp
(−∆Eg(x)/kBT

)
, (3.13)

where ∆Eg(x) ≡ Eg(x) − Eg(0). The prefactor in this expression is

f (x,T ) ≡
√

(−∆F (x,T )+x∂x∆F (x,T ))V /kτEg(x). Equation (3.13) predicts ex-
tremely low thresholds nt at room temperature. We note that nt is the threshold
photocarrier density in the mixed phase or in the parent phase at the onset
of phase separation. The photocarrier density in the nucleated phase is ac-
cording to Eq. (3.10) much larger. For example, for MAPb(I0.5Br0.5)3 we have
∆Eg(x = 0.5) ≈ 0.28 eV (see the green line in Fig. 3.2b), so that the photocarrier
density in the almost I-pure nucleated phase is at room temperature a factor of
about 7×104 larger. This also means that, while the bimolecular recombination
in the mixed or in the parent phase is negligible, this is definitely not the case
in the nucleated phase.

In Fig. 3.4a we show nt as a function of Br concentration x at room temper-
ature. Apart from the extremely low nt, an extremely strong dependence on x is
found. The threshold nt increases for different cation composition in the order
FA–FA7/8Cs1/8–MA– MA7/8Cs1/8–Cs, which is the same order as the decrease in
the steepness of the band gap curves in Fig. 3.2b. This order and the extremely
strong dependence of nt on x can be explained from the exponential factor
exp

(−∆Eg(x)/kBT
)

in Eq. (3.13). We thus come to the important conclusion that
the threshold photocarrier density is governed by the band gap difference of the
mixed halide compound and the I-pure compound.

In Fig. 3.4b we show the T -dependence of nt at Br concentration x = 0.5 and
in Fig. 3.4c the T -dependence of x at a low, nt = 10−9/f.u., and a high, nt =
10−5/f.u., threshold photocarrier density. Both figures cover the temperature
interval 300-350 K, which is a relevant operational range for solar cells. All
curves in Fig. 3.4b are below the photocarrier density n = 5 × 10−7/f.u. at 1
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Figure 3.4: Threshold photocarrier density for light-induced halide segregation.
a Threshold photocarrier density nt for the different compounds at room temperature
T = 300 K for light-induced halide segregation, as a function of Br concentration x. b
Threshold photocarrier density as a function of temperature for x = 0.5. The horizontal
dashed line in a and b indicates the photocarrier density n = 5×10−7/f.u. in the mixed
phase for about 1 Sun illumination. c Bromine concentration as a function of tempera-
ture at threshold photocarrier densities nt = 10−9 and 10−5/f.u..

Sun (dashed horizontal line), showing that all compounds with equal amounts
of Br and I segregate at 1 Sun illumination. The steepness of the curves in
Fig. 3.4b follows the same order as the steepness of the band gap curves in
Fig. 3.2b. For both values of nt the curves in Fig. 3.4c show a decrease in
steepness for the different compounds with an order that is opposite to the
order in which the steepness of the band gap curves decreases. At the same
time, the steepness of the curves for all compounds increases approximately
proportionally to the logarithm of nt. All these observations can be explained
from the exponential factor exp

(−∆Eg(x)/kBT
)

in Eq. (3.13), although the factor
f (x,T ) also contributes somewhat to the T -dependence.

Our results for the photostability of the different compounds agree with ex-
perimentally observed trends. Firstly, we find that CsPb(I1−xBrx)3 is more pho-
tostable than MAPb(I1−xBrx)3. This is consistent with the experimental obser-
vations that MAPb(I1−xBrx)3 is found to segregate for bromine concentrations
0.2 < x < 1 [36,53], while CsPb(I1−xBrx)3 shows a smaller instability range 0.4 <
x < 1 [28]. Secondly, we find that partial Cs alloying improves photostability,
which is an agreement with the observed enhanced photostability by partial sub-
stitution of the organic cation in MAPb(I1−xBrx)3 and FAPb(I1−xBrx)3 by Cs [16,
31, 37, 48, 55, 60, 94]. This enhanced photostability is a direct consequence of
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the reduced dependence of the band gap on the Br concentration x in Fig. 3.2b.
To investigate if the trend of increasing stability with Cs loading pursues, we
show in Figs. A.2d-f in Appendix A.4 phase diagrams in the dark and for pho-
tocarrier densities n = 10−9 and 10−7/f.u. of MA3/4Cs1/4Pb(I1−xBrx)3, where the
Cs loading is 25% instead of the 12.5% loading in MA7/8Cs1/8Pb(I1−xBrx)3. The
phase diagrams are very similar to the latter compound, but are shifted down in
temperature. The critical temperature decreases from 266 K without Cs loading
(MAPb(I1−xBrx)3), to 244 K for 12.5% loading, and 216 K for 25% loading, in-
deed showing a trend of increasing stability. This trend should be broken when
increasing the Cs loading further, because for 100% Cs loading (CsPb(I1−xBrx)3)
the critical temperature is 250 K (see Fig. 3.3c). Figures A.2g-i in Appendix A.4
show plots equivalent to Figs. 3.4a-c for MA3/4Cs1/4Pb(I1−xBrx)3. The photo-
carrier density threshold is slightly higher than that of MA7/8Cs1/8Pb(I1−xBrx)3,
confirming the trend of increased photostability with increasing Cs loading.

Using MAPb(I0.5Br0.5)3 as an example, we predict at 300 K a photocarrier
density threshold of nt = 9× 10−9/f.u. (see the green line in Fig. 3.4b), corre-
sponding to an illumination threshold of 1750 µW cm−2. In the recent exper-
iments of Ref. [93] a threshold for MAPb(I0.5Br0.5)3 of about 35 µW cm−2 is
reported. We also predict an increase of the illumination threshold by a factor
5.5 between 300 and 350 K, as compared to the experimentally found increase
by a factor of about 3 [93]. Considering the extremely strong sensitivity of nt to
the various quantities in our theory, we find the agreement satisfactory. We note
in particular the extremely strong dependency of nt on the Br concentration x
(see Fig. 3.4a), which leads to an extremely large sensitivity of the illumination
threshold to preparation details of the perovskite film. The model of Ruth et
al. [66] for the illumination threshold used in Ref. [93] has a linear dependence
on temperature and therefore predicts an increase of only about 17% between
300 and 350 K. We note that in this model the carrier diffusion lengths of elec-
trons and holes, and a “geometrical band gap volume” appear as parameters,
quantities that do not appear in our theory.

It was recently reported that MAPb(I0.8Br0.2)3 remixes for an illumination
intensity of 200 W cm−2 [50]. This is equivalent to about 2,000 Sun, which
corresponds to a photocarrier density in the parent phase of about 10−3/f.u.
Using Eq. (3.10) and the band gap difference between x1 = 0.8 (parent phase)
and x2 = 0 (nucleated phase), we would find at room temperature a photocar-
rier density in a potentially nucleated phases of about 1.2×106/f.u. Obviously,
our theory can no longer be applied at such extremely high densities, caus-
ing, among other things, a breakdown of the Boltzmann approximation used
in Eq. (3.10). The explanation for the remixing could be that at these extreme
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densities there will be such a large spillover of photocarriers from the nucleated
phase into the parent phase that the driving force for halide segregation disap-
pears. This will essentially restore the conditions in the dark, where the mixed
situation is favoured.

We remark that our theory has no adjustable parameters and can be the
starting point for the inclusion of effects that were not yet accounted for. One
such effect could be that the number of defects in the nucleated phase is larger
than in the parent phase, possibly caused by a lattice mismatch between the
two phases. This could lead to a lower photocarrier lifetime τ in the nucleated
phase, which presently is assumed to be the same as in the parent phase. A
lower τ in the nucleated phase will lead to a lower nt. Another effect that will
lower nt is a lattice compression of the I-rich nuclei by the surrounding mixed
parent phase with smaller lattice constant, leading to a lowering of the band gap
in the nucleated phase. If we take for MAPbI3 under compressional strain the
MAPb(I0.5Br0.5)3 lattice constant instead of its relaxed lattice constant, we find
that the calculated DFT band gap is decreased by 0.145 eV. Using Eq. (3.13),
this implies a decrease in nt by a factor of about 300 at room temperature and
thus a 6 times lower illumination threshold than in the experiment of Ref. [93].
In reality, the lattice adjustment to the surrounding phase will not be complete,
so that a refined analysis may lead to a result in closer agreement with the
experiment.

The consequence of the mechanism for light-induced halide segregation
studied here is that the attractive band gap tunability of mixed halide per-
ovskites at the same time leads to photostability problems. Nevertheless, routes
towards optimal solutions follow from our study. For example, Fig. 3.4a shows
that at 1 Sun illumination and room temperature CsPb(I1−xBrx)3 should be pho-
tostable up to 42% Br concentration. This allows, according to Fig. 3.2b, reach-
ing a band gap of 1.94 eV. This is more than sufficient for the top layer in an effi-
cient tandem solar cell, which has an optimal band gap of 0.96 eV for the bottom
and 1.63 eV for the top cell. For MAPb(I1−xBrx)3 and MA7/8Cs1/8Pb(I1−xBrx)3,
Br concentrations of about 33% and 35% can be reached, allowing band gaps
of 1.73 and 1.78 eV, respectively, which are both still sufficient.

3.4 Discussion

We have presented a unified thermodynamic theory for light-induced halide
segregation in mixed halide perovskites. The theory is based on minimization
of the sum of a compositional free energy, obtained from binary alloying theory,
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and an electronic free energy of photocarriers, which distribute thermally over
a nucleated phase and a parent phase with different band gaps due to different
I-Br compositions. We applied the theory to MAPb(I1−xBrx)3, FAPb(I1−xBrx)3,
CsPb(I1−xBrx)3, as well as the partial Cs compounds MA7/8Cs1/8Pb(I1−xBrx)3

and FA7/8Cs1/8Pb(I1−xBrx)3. The spinodals in the Br concentration-temperature,
x-T , phase space, separating unstable and metastable regions, only slightly
change for photocarrier densities corresponding to relevant illumination inten-
sities. In addition to compositional binodals that are also present in the dark,
new light-induced binodals appear, signalling the nucleation of an I-rich phase
from the parent phase. These binodals, which are attributed to funneling of
photocarriers into the low-band gap I-rich phase, occur at an extremely small
photocarrier density and illumination intensity governed by the band gap dif-
ference between the mixed phase and the nucleated I-rich phase.

Several predictions of the theory are in agreement with experimental find-
ing, such as a strongly temperature and composition dependent illumination
threshold for halide segregation and a stabilization effect upon alloying FA or
MA with Cs. The fundamental reason of this stabilization effect is that mixing
Cs into FA or MA reduces the unit cell volume, leading to smaller band gap
differences between the parent and I rich phases. The theory predicts two cat-
egories of phase diagrams and the existence of photocarrier density-dependent
triple points (xtr,Ttr) below room temperature, where two phases with different
Br-I compositions can be nucleated from the parent phase. The experimental
study of these novel physical phenomena would be extremely interesting and
increase our understanding of light-induced halide segregation. The theory is
flexible and transferable, making it a suitable starting point for refinements to
include effects that have not yet been considered, such as different recombina-
tion rates in the different phases and changes in the band gap due to strain. The
theory can also be readily applied to other semiconductors where the band gap
is tuned by alloying.

We finally note that a metastable region in phase space is entered when the
illumination intensity exceeds the threshold for halide segregation. According
to nucleation theory, a surface free energy due to the presence of an interface
between the nucleated and parent phase could inhibit phase separation. Phase
separation then requires the crossing of a free energy barrier composed of a
positive surface free energy and the negative bulk free energy for a nucleus of
a critical size. For the investigation of a phase separation inhibition effect it
would be important to evaluate the surface free energy between a mixed I-Br
and an I-rich phase, and the probability that a nucleus will grow spontaneously
to a critical size. Differences in surface free energy and sizes of critical nuclei for
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different perovskites could provide additional handles to suppress light-induced
halide segregation. We suggest that the delayed onset for the acceleration of
the segregation reported in Ref. [51] is related to the induction time for the
formation of critical nuclei. The existence of such an induction time is a well-
known phenomenon in nucleation theory [104].





Appendix A
Unified theory for light-induced
halide segregation in mixed
halide perovskites
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A.1 Equilibrium volumes

In the quasichemical approximation (QCA) the equilibrium volumes per for-
mula unit of the five compounds are obtained as V (x,T ) = ∑

j x̄ j V j , where x̄ j

is the thermal equilibrium fraction of microclusters with configuration j (see
“Methods” in the main text) and V j is the volume per formula unit of configu-
ration j . The results at room temperature are shown in Fig. A.1. An increasing
Br concentration leads to a decreasing volume due to the smaller ionic size of
Br than I: rI = 2.20 and rBr = 1.96 Å [105, 106]. For the single-cation com-
pounds we have VFA > VMA > VCs, in accordance with the ionic sizes rFA = 2.53,
rFA = 2.17, and rCs = 1.67 Å [105, 106]. As expected, the partial Cs substitution
in MA7/8Cs1/8Pb(I1−xBrx)3 and FA7/8Cs1/8Pb(I1−xBrx)3 decreases the volume.
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Figure A.1: The equilibrium volume at room temperature per formula unit for the five
compounds as a function of relative Br concentration x.

A.2 Band gaps

The formulas for the halide composition-dependent band gaps, displayed in
Table A.1, are given by

Eg(x) = (1−x)Eg(APbI3)+xEg(APbBr3)−bx(1−x), (A.1)
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where “A” is MA, FA, Cs, MA7/8Cs1/8, or FA7/8Cs1/8 and b is the bowing parameter.
The formulas for the band gaps of the single-cation compounds are obtained
from experiment [28–30]. The band gaps of the pure I and pure Br double-
cation compounds are obtained by a cation composition-weighted average of
the single-cation compounds, using Eg(MAPbI3) = 1.57 eV , Eg(MAPbBr3) =
2.29 eV, Eg(FAPbI3) = 1.48 eV, Eg(FAPbBr3) = 2.23 eV, Eg(CsPbI3) = 1.77 eV,
and Eg(CsPbBr3) = 2.38 eV. We set for simplicity b(MA7/8Cs1/8) = b(MA) and
b(FA7/8Cs1/8) = b(FA).

Table A.1: Formulas for the band gap in eV as a function of relative Br concentration x
for the five compounds. The band gap plots are given in Fig. 2(b) of the main text.

Compounds Band gap

MAPb(I1−xBrx)3 1.57(1−x)+2.29x −0.33x(1−x)

FAPb(I1−xBrx)3 1.48(1−x)+2.23x −0.15x(1−x)

CsPb(I1−xBrx)3 1.77(1−x)+2.38x −0.35x(1−x)

MA7/8Cs1/8Pb(I1−xBrx)3 1.60(1−x)+2.30x −0.33x(1−x)

FA7/8Cs1/8Pb(I1−xBrx)3 1.52(1−x)+2.25x −0.15x(1−x)

A.3 Finite electron and hole diffusion lengths

We show here that, despite the fact that Eqs. (1)-(3) in the main text are for-
mally applicable only to the case of infinite electron and hole diffusion lengths,
they can be applied to the initial stage of halide segregation also in the case of
finite diffusion lengths.

Just before nucleation of a phase with Br concentration x2 from a phase with
Br concentration x, the photocarrier distribution is homogeneous with a density
n that is a solution of the equation G = n/τ+kn2/V (see Eq. (3) in the main
text). In the initial stage of nucleation, the nuclei will be much smaller than the
diffusion lengths of electrons and holes, so that the photocarrier distribution
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within the nuclei will be homogeneous, with a constant density n2. The volume
fraction of the nucleated phase is δφ ≡ φ2. The photocarrier density in the
parent phase n1 (⃗r ) after nucleation will not be homogeneous in the case of
finite diffusion lengths. Instead of Eq. (3), which is only generally valid when
the diffusion lengths are infinite, we now have:

G = 1

Vtot

∫
V1

(
n1 (⃗r )/τ+kn2

1 (⃗r )/V
)

dr⃗ +δφ(n2/τ+kn2
2/V ), (A.2)

where Vtot is the total volume, and the integral is performed over the volume V1

of the parent phase. We write n1 (⃗r ) = n +δn (⃗r ), where δn (⃗r ) is a function that
scales linearly with δφ in the limit δφ→ 0 (where all nuclei in the volume Vtot

are shrunk by an equal amount). Up to linear order in δφ we then have

G = (1−δφ)(n/τ+kn2/V )+ (1/τ+2nk/V )
1

Vtot

∫
V1

δn (⃗r )dr⃗ +δφ(n2/τ+kn2
2/V ).

(A.3)
To linear order in δφ we can write, n2 = exp

[−(
Eg(x2)−Eg(x)

)
/kBT

]
n,using

Eq. (1) in the main text. Since Eq. (A.3) holds for all values of the diffusion
lengths, we conclude that the integral

∫
V1
δn (⃗r )dr⃗ is independent of the diffu-

sion lengths. In particular, the integral is equal to its value for infinite diffusion
lengths, hence

1

Vtot

∫
V1

δn (⃗r )dr⃗ = 1

Vtot

∫
V1

(n1 (⃗r )−n)dr⃗ = (1−δφ)(n1 −n) =φ1(n1 −n), (A.4)

where n1 is the constant photocarrier density in the parent phase for infinite
diffusion lengths. Inserting this in Eq. (A.3), we conclude that Eq. (3) in the
main text is also valid in the case of finite diffusion lengths when applied to the
initial stage of nucleation, where φ2 is infinitesimally small.

Equivalently, in the case of an inhomogeneous photocarrier density n1 (⃗r ) in
the parent phase due to finite diffusion lenghts, we have, instead of Eq. (2) in
the main text,

∆F⋆(x1, x2,φ1,φ2,T ) =φ1∆F (x1,T )+φ2∆F (x2,T )

+
[

1

Vtot

∫
V1

dr⃗ n1 (⃗r )

]
Eg(x1)+n2φ2Eg(x2),

(A.5)

which, by virtue of Eq. (A.4), is equal to Eq. (2) in the initial stage of nucleation.
The conclusion is that, despite the fact that Eqs. (1)-(3) in the main text are
formally only applicable to the case of infinite diffusion lengths of electrons and
holes, they can be applied to the initial stage of halide segregation also in the
case of finite diffusion lengths.
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A.4 Results for MA3/4Cs1/4Pb(I1−xBrx)3

In addition to MA7/8Cs1/8Pb(I1−xBrx)3 (see main text in Chapter 3) we per-
formed calculations for MA3/4Cs1/4Pb(I1−xBrx)3; see Fig. A.2. The lowest-enthalpy
structure of MA3/4Cs1/4Pb(I0.5Br0.5)3 is shown in Fig. A.2a, where the two Cs
cations in the 2 × 2 × 2 supercell are taken at diagonal positions to profit as
much from the remaining symmetry. Figs. A.2b and c show the enthalpy
and free energy, which should be compared to Figs. 1i and n in the main text
for MA7/8Cs1/8Pb(I1−xBrx)3. Figures A.2d-f show the phase diagrams in the
dark and for two different photocarrier densities, which should be compared
to Figs. 3d, i, and n. The results for the photocarrier density in Figs. A.2g-i
(dashed lines) are compared to those for MA7/8Cs1/8Pb(I1−xBrx)3 (solid lines)
taken from Fig. 4.
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Figure A.2: Results for MA3/4Cs1/4Pb(I1−xBrx)3. a Atomic structure of the most stable
configuration at relative Br concentration x = 0.5. The Cs cations are taken at diagonal
positions in the 2×2×2 supercell. b Mixing enthalpy as a function of Br concentration x.
Circles: values calculated for each mixed configuration. Filled circle: value for the most
stable configuration at x = 0.5, displayed in a. Curves: results for the quasi-chemical
approximation (QCA) at different temperatures. c Free energy. d-f Phase diagrams in
the dark and at two different photocarrier densities. g Threshold photocarrier density
nt at T = 300 K for light-induced halide segregation, as a function of Br concentration.
h Threshold photocarrier density as a function of temperature for x = 0.5. The hori-
zontal dashed line in g and h indicates the photocarrier density n = 5× 10−7/f.u. in
the mixed phase for about 1 sun illumination. i Bromine concentration as a function
of temperature at threshold photocarrier densities nt = 10−9 and 10−5/f.u. The dashed
lines in g-i show the results for MA3/4Cs1/4Pb(I1−xBrx)3 and the solid lines those for
MA7/8Cs1/8Pb(I1−xBrx)3, taken from Fig. 3.4 in the main text.



Chapter 4
Light-induced three-phase
coexistence in mixed halide
perovskites

Mixed iodine-bromine perovskites used in solar cells undergo below a critical
temperature an intrinsic demixing into phases with different iodine-bromine
compositions. In addition, under illumination they show nucleation of an iodine-
rich phase. In this chapter, we predict from thermodynamic considerations that
in mixed iodine-bromine perovskites like MAPb(I1−xBrx)3 the interplay of these
effects can lead to coexistence of a bromine-rich, iodine-rich, and nearly iodine-
pure nucleated phase. This three-phase coexistence should occur in a region in
the composition-temperature phase diagram near the critical point for intrin-
sic demixing. We investigate the hysteresis in the evolution of this coexistence
when temperature or illumination intensity are cycled. Depending on the par-
ticular way the coexistence is established, nearly iodine-pure nuclei should form
either in the iodine-rich phase only or both in the bromine-rich and iodine-rich
phases. Experimental verification of this fundamentally novel type of three-
phase coexistence should be possible by a combination of absorption and pho-
toluminescence experiments.

This chapter is based on the publication: Chen, Z., Brocks, G., Tao, S. & Bobbert, P. A. Light-
tunable three-phase coexistence in mixed halide perovskites. Phys. Rev. B, 106:134110, Oct 2022.
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4.1 Introduction

The interest in the fundamental physical processes of metal-halide perovskites
is rapidly increasing because of their spectacular performance in photovoltaic
and light emission applications [14–16, 87–91, 107]. One of these processes
is halide segregation in mixed halide perovskites. Such perovskites have the
unique feature that their band gap can be tuned by varying the halide concen-
tration ratio. This tuneability can be exploited to optimize the optoelectronic
performance of all-perovskite multi-junction solar cells [108, 109] or tandem
solar cells consisting of a silicon bottom cell and a perovskite top cell [107,110].
Halide segregation is a serious problem in such applications and fundamental
understanding of this process is therefore of utmost importance.

Apart from its importance for developing efficient solar cells, halide segre-
gation is a very interesting fundamental physical phenomenon in itself. The
different halide ions can be viewed as particles of different substances that pre-
fer to mix or demix, following fundamental thermodynamical laws. In partic-
ular, minimization of the Helmholtz free energy, consisting of an enthalpic and
an entropic contribution, determines if a mixed or demixed state is preferred.
The enthalpic contribution favours demixing while the entropic contribution
favours mixing, and the competition between the two determines the prefer-
ence for mixing or demixing. In the extensively studied mixed halide perovk-
site MAPb(I1−xBrx)3 (MA stands for the organic cation methylammonium) this
leads to a miscibility gap, i.e., a range of halide composition values x1 < x < x2

for which there is no stable mixture [111]. Such a miscibility gap had been
predicted from a computational investigation within density functional theory
combined with a thermodynamic analysis [61]. The resulting composition-
temperature, x-T , phase diagram is similar to the well-known phase diagram
of a binary mixture, where a binodal signals that the free energy of the demixed
situation becomes lower than that of the mixed situation, and a spinodal sig-
nals the disappearance a free energy barrier between the mixed and demixed
situation. The binodal and spinodal meet at a critical point (xc,Tc). Above the
critical temperature Tc no demixing occurs because the entropic contribution to
the free energy then always dominates.

What makes the halide segregation process especially interesting, and very
different from demixing processes in ordinary binary mixtures, is the fact that
it can be influenced by light. Even when the mixed state of a perovskite like
MAPb(I1−xBrx)3 is stable in the dark, low-band gap iodine-rich nuclei are formed
under illumination [28, 36, 38]. Since a return to the original mixed situation
occurs when illumination is interrupted, the effect should have a thermody-
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namic origin. The effect was rationalized by funneling of photocarriers, gen-
erated by illumination of the perovskite film, into these nuclei [38]. The nu-
clei originate from random composition fluctuations that tend to grow by in-
ward diffusion of iodine ions and outward diffusion of bromine ions, a process
that is driven by the energy gain of the photocarriers funneling into the low-
band gap nuclei. When the illumination is interrupted, the driving force for
the growth of the nuclei disappears and the fully mixed situation is gradually
restored. A complete thermodynamic theory for the effect should not only con-
sider the compositional free energy governing halide segregation in the dark,
but also the free energy of the photocarriers redistributing by diffusion over the
different phases. We recently made a first step in constructing such a theory,
where the key element is the consideration of the sum of the compositional and
photocarrier free energy, and minimization of this total free energy for a situ-
ation of two coexisting phases with different halide composition [35]. When
the total free energy of the two coexisting phases is lower than that of a sin-
gle mixed phase, the demixed situation is preferred. With this analysis, we
could explain various experimental observations on light-induced halide segre-
gation [16,28,36,37,48,53,55,60,95].

However, a major puzzle remained unsolved, namely the possible formation
by halide segregation of three coexisting phases with different halide compo-
sitions. Such a situation could be compared to the well-known gas-liquid-solid
coexistence occurring in many substances, like water, where the volume fraction
of water molecules is different in the gas, liquid, and solid phase. Demonstra-
tion of such a three-phase coexistence would therefore not only shed further
light on halide segregation in mixed halide perovskites, but also be of founda-
tional interest.

An indication for such a three-phase coexistence is the finding in our previ-
ous analysis of a compositional and a light-induced binodal that meet at a ‘triple
point’ (xtr,Ttr), with xtr and Ttr depending on the illumination intensity I [35].
The compositional binodal signals halide segregation into a bromine-rich and
an iodine-rich phase, whereas the light-induced binodal signals the nucleation
of a nearly iodine-pure phase from a mixed phase by the illumination. A three-
phase coexistence of an iodine-rich, bromine-rich, and nearly iodine-pure phase
at (xtr,Ttr) may thus be expected. However, if such three-phase coexistence
would only occur at (xtr,Ttr), experimental observation of this phenomenon
would be extremely difficult. It would require searching for a line in a three-
dimensional (x,T, I) phase space, where changing x would involve fabricating a
range of perovskite samples with different iodine-bromine composition. On the
other hand, if there would be a sufficiently large three-dimensional region in
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(x,T, I) phase space with three-phase coexistence, instead of only a line, experi-
mental verification would be much easier. Because all present considerations of
halide segregation are limited to two coexisting phases, this question could up
to now not be addressed.

To address this question, we present in this work a thermodynamic the-
ory for light-induced halide segregation in mixed iodine-bromine perovskites
that considers the possible coexistence of three phases. We apply our theory to
MAPb(I1−xBrx)3 and show that an intriguingly rich phase diagram is obtained,
with two new types of binodal-spinodal combinations signalling different types
of transitions from two-phase to three-phase coexistence. Most importantly, we
show that an extended and experimentally accessible region of three-phase co-
existence of an iodine-rich, bromine-rich, and nearly iodine-pure phase exists in
(x,T, I) phase space near the critical point (xc,Tc) for intrinsic demixing in the
dark.

4.2 Methods

The key element of the theory is the minimization of a free energy consisting
of the sum over the different phases of a compositional and photocarrier free
energy:

∆F⋆
(
{x}, {φ},T

)=∑
i
φi

[
∆F (xi ,T )+ni Eg(xi )

]
. (4.1)

Here, ∆F (xi ,T ) is the compositional Helmholtz mixing free energy per formula
unit (f.u.), xi the bromine concentration, and φi the volume fraction of phase
i = 1,2,3. Demanding local charge neutrality, the densities of photogenerated
electrons and holes in each phase i are both given by ni , the photocarrier den-
sity per f.u. Since ni ≪ 1 we can use under equilibrium conditions Boltzmann
statistics, so that we have

ni /n j = e−
(
Eg(xi )−Eg(x j )

)
/kBT , (4.2)

where Eg(x) is the band gap at Br concentration x and kBT the thermal energy.
We assume that the diffusion length of the photocarriers is larger than the typ-
ical phase domain sizes, so that we can take the photocarrier density in each
phase to be uniform. Neglecting the small differences in the volume V per f.u.
in the different phases, we have

∑
i φi = 1 and

∑
i φi xi = x. In equilibrium, the
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total generation rate of photocarriers is equal to the total annihilation rate:

G =∑
i
φi

(
ni /τ+kn2

i /V
)

, (4.3)

where we make the simplifying assumption that the generation rate per f.u. G
and the monomolecular and bimolecular recombination rates 1/τ and k are the
same in all phases. For the photocarrier generation rate in a thin perovskite
film we take G = IαV /hν, where I is the illumination intensity, α the absorption
coefficient, and hν the photon energy.

All results presented in this work are based on minimization of the total
free energy ∆F⋆

(
{x}, {φ},T

)
in Eq. (4.1) with respect to the φi ’s and xi ’s. The

technical aspects of finding the free energy minima, establishing the character
of these minima and and their appearance and disappearance, which determine
the locations of the various binodals and spinodals in the x-T phase diagram, are
given in Appendices B.2-B.4. The related problems are fundamentally different
from usual phase coexistence problems, where the free energy is the addition of
the free energies of the different phases. This is not the case for the free energy
Eq. (4.1), because the photocarrier free energy φi ni Eg(xi ) of a certain phase i
depends on the volume fractions of the other phases via Eqs. (4.2) and (4.3).

4.3 Results

4.3.1 Thermodynamic theory for three-phase coexistence

Our thermodynamic theory is based on a consideration of the minima of a total
Helmholtz free energy that is the addition of a compositional and a photocar-
rier free energy; see ‘Methods’. The compositional free energy is the sum of the
compositional mixing free energies of the phases, labeled by i , with different
bromine (Br) concentrations xi , weighted with the volume fractions φi of each
phase. The number of phases can be 1 (no demixing), 2 (demixing into two
coexisting phases), or 3 (demixing into three coexisting phases). Regarding the
calculation of the compositional free energy, we follow the procedure outlined
in Ref. [61], as we also did in our previous analysis [35]. Considering exclu-
sively the compositional free energy, only two-phase coexistence can occur. A
phase diagram similar to that of an ordinary binary mixture is then obtained,
with a binodal and a spinodal [61]. Figure B.1 in Appendix B.1 reproduces
the compositional mixing free energy ∆F (x,T ) of MAPb(I1−xBrx)3 calculated in
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Figure 4.1: Light-induced three-phase coexistence in mixed I-Br perovskites. Blue:
Br-rich phase. Green: I-rich phase. Orange: nearly I-pure nuclei. The nearly I-pure
nuclei can be present in (I) both the I-rich and Br-rich phase or (II) only in the I-rich
phase. Magnification: funneling of photogenerated electrons and holes into the low-
band gap nearly I-pure nuclei, reducing their free energy.

Ref. [35] (also see Chapter 3) for different temperatures T . We will use this free
energy also in the present work.

Under illumination, photocarriers will be generated, leading to a photocar-
rier free energy in each phase that should be added to the compositional free
energy. Under charge-neutrality conditions, the densities of photogenerated
electrons and holes are equal and given by a photocarrier density ni per per-
ovskite formula unit (f.u.). The photocarrier free energy of each phase is then
given by φi ni Eg(xi ), where Eg(xi ) is the band gap of phase i , which depends
on the Br concentration xi of the phase. The dependence of the band gap
of MAPb(I1−xBrx)3 on x has been experimentally determined and can be well
described by the function Eg(x) = 1.57+0.39x +0.33x2 eV [29], interpolating be-
tween the band gap of 1.57 eV for MAPbI3 and 2.29 eV for MAPbBr3. We assume
a phase-independent photocarrier generation rate G per f.u. that is for a thin
perovskite film given by G = IαV /hν, where I is the illumination intensity, α the
absorption coefficient, V the volume per f.u., and hν the photon energy. Pho-
tocarriers recombine by monomolecular and bimolecular recombination, given
by rates 1/τ and k, respectively, which are assumed to be independent of the
phase. The diffusion lengths of photocarriers are very long in perovskites and
expected to be larger than the feature sizes of the different phase domains. An
equilibrium photocarrier distribution over the different phases is therefore as-
sumed obeying Boltzmann statistics. Since in practice ni ≪ 1, we can neglect
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state filling effects and use the Boltzmann factor exp
(−Eg/kBT

)
in the statistical

weighing, where kB is Boltzmann’s constant. It is the photocarrier contribution
to the free energy that leads to the light-induced nucleation of a nearly iodine-
pure phase from a mixed phase, allowing a free energy lowering by funneling
of photocarriers from the mixed phase to the low-band gap nuclei [35,38].

Figure 4.1 illustrates the main findings of the present work when considering
minimization of the sum of the compositional and photocarrier free energy in
the presence of illumination when allowing for the coexistence of three phases.
As in the dark, a decomposition into a Br-rich and an I-rich phase can take
place, governed by the compositional free energy. At the same time, a lowering
of the photocarrier free energy drives the light-induced formation of nearly I-
pure nuclei. We will show that the interplay of these processes gives rise to two
types of three-phase coexistence, with the nearly I-pure nuclei being present in
(I) both the I-rich and B-rich phase, or (II) only the I-rich phase.

4.3.2 Phase diagrams of MAPb(I1−xBrx)3

We consider the phase diagrams of MAPb(I1−xBrx)3 for different illumination
intensities I . Binodals and spinodals are found by determining the minima
of the total free energy. As usual, a binodal signals the crossing of the free
energies of two local minima with the lowest free energy and therefore a change
of the character of the global free energy minimum. A spinodal signals the
appearance or disappearance of a local minimum and hence the vanishing of a
free energy barrier between two local minima. Determining free energy minima
for the case of three-phase coexistence is much more complicated than for the
case of two-phase coexistence and required the development of sophisticated
search procedures; see Appendices B.2-B.4. We take the values τ = 100 ns and
k = 10−10 cm3 s−1, applicable for a standard MAPbI3 film [99], V = 2.5×10−22

cm3/f.u. [35], α= 105 cm−1, and hν= 3 eV [38].
Figures 4.2a-c show the phase diagrams of MAPb(I1−xBrx)3 for illumination

intensities I corresponding to 2, 20, and 200 Sun (I = 100 mW cm−2 = 1 Sun),
obtained from our previous analysis, which assumed possible coexistence of
not more than two phases [35]. The blue and green curves indicate the com-
positional and light-induced binodals, respectively, where the mixed situation
(white) becomes metastable for a transition to two-phase coexistence (grey).
The red curve indicates the spinodal, where the free energy barrier between the
mixed and two-phase coexistence situations disappears. In our previous analysis
we suggested that at the junction between the compositional and light-induced
binodal (arrow in Fig. 4.2a) three-phase coexistence might occur [35].
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Figure 4.2: Phase diagrams of MAPb(I1−xBrx)3. a-c Phase diagrams of
MAPb(I1−xBrx)3 for different illumination intensities when accounting for coexistence
of not more than two phases. Blue curve: compositional binodal. Green curve: light-
induced binodal. Red curve: spinodal. Arrow in a: suggested ‘triple point’ for three-
phase coexistence. d-f Phase diagrams when accounting for coexistence of three phases.
Orange curves: binodals for transitions from the two types of two-phase coexistence to
three-phase coexistence. Red curves: corresponding spinodals. Yellow (pink) region:
two-phase coexistence partly (fully) unstable for formation of third phase. g-i Magni-
fications of three-phase coexistence regions with labeling of binodal-spinodal pairs for
the two types of transitions. Double-headed arrows in h: temperature ranges and Br
concentrations x in Figs. 4.3a (left arrow) and b (right arrow). Black squares in g-i:
temperature T and Br concentration x in Fig. 4.3c.

Figures 4.2d-f show the phase diagrams when possible coexistence of three
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phases is taken into account. Next to the binodals in Figs. 4.2a-c, two new
binodals (orange curves) appear, signalling that the free energy minimum of
a three-phase coexistence as illustrated in Fig. 4.1 becomes lower than that
of two-phase coexistence. Because there are two types of two-phase coexis-
tence, there are also two types of binodals, signalling a transition from (1) two-
phase coexistence of nuclei of a nearly I-pure phase and an I-Br mixed phase to
three-phase coexistence, and (2) two-phase coexistence of an I-rich and Br-rich
phase to three-phase coexistence. Each of the two binodals is accompanied by
a spinodal that signals the disappearance of the free energy barrier between the
corresponding two-phase and three-phase coexistence minima. Figures 4.2g-i
zoom in to the three-phase coexistence regions, where the pairs of binodals and
spinodals are labeled accordingly by ‘1’ and ‘2’. The spinodals continue in the
two-phase coexistence regions, where they signal the disappearance of free en-
ergy barriers between the two types of two-phase coexistence (not shown). The
main conclusion from the phase diagrams is that a sizeable three-phase coex-
istence region exists in (x,T, I) phase space near the critical point (xc ,Tc) for
intrinsic halide demixing in the dark.

4.3.3 Analysis of the three-phase coexistence

We observe in Figs. 4.2e, f, h, and i that the two types of spinodals may cross.
In an experiment investigating the three-phase coexistence, two situations may
therefore occur when decreasing or increasing T , indicated by the two double-
headed arrows at x = 0.395 and 0.435 in Fig. 4.2h. Figures 4.3a and b show
for these two compositions and an illumination intensity I = 20 Sun results for
the volume fractions φi and Br concentrations xi of the three phases, and the
photocarrier fractions fi =φi ni /

∑
i φi ni in these phases. In plotting these results

it is assumed that, after crossing a binodal when decreasing or increasing T ,
the system makes a transition to three-phase coexistence only after crossing
the corresponding spinodal, because only then the free energy barrier for this
transition has disappeared. The resulting supercooling or superheating leads to
the hysteresis in the plots. We observe that volume fractions of about 0.03% of
the nearly I-pure phase can be reached, with a maximum Br concentration of
about 0.45% and a photocarrier fraction of 20-30%. The fact that the very small
volume fraction of the nearly I-pure phase contains a relatively large fraction
of the photocarriers is a consequence of the very strong effect of funneling of
photocarriers into this phase. The fundamental difference between the two
situations depicted in Figs. 4.3a and b is that in Fig. 4.3a a temperature range
(pink) exists where the transition to the three-phase coexistence always occurs,
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while in Fig. 4.3b the transition requires overcoming a free energy barrier. The
three-phase coexistence is then both for decreasing and increasing T ‘hidden’
behind this barrier, as indicated by the dotted lines in Fig. 4.3b.

The situation depicted as ‘I’ in Fig. 4.1, with nearly I-pure nuclei in both the
I-rich and Br-rich phase, can only arise when entering the three-phase coexis-
tence region by decreasing T . The mixed I-Br phase in which the nearly I-pure
nuclei are embedded then decomposes into an I-rich and a Br-rich phase; see
Appendix B.4. By contrast, when entering the three-phase coexistence region
by increasing T , the nearly I-pure nuclei are exclusively generated in the I-rich
phase (situation ‘II’ in Fig. 4.1).

In between each binodal and its corresponding spinodal, the barrier for the
formation of a third phase is determined by the free energy required to generate
a critical nucleus of the third phase in either of the two existing phases. This
barrier is, in the absence of defects and impurities, governed by an interface free
energy. Determination of this interface free energy is beyond the scope of the
present work. In practice defects and impurities might dominate the nucleation
process, preventing supercooling and superheating. In that case the binodals
and not the spinodals delineate the region where three-phase coexistence will
be found experimentally.

We conclude by showing in Fig. 4.3c similar results as in Figs. 4.3a and b,
but now for varying illumination intensity I for T = 252 K and x = 0.395 (black
squares in Figs. 4.2g-i). A large hysteresis loop is observed that starts at 8 Sun,
featuring ‘superillumination’ until 133 Sun, where the nearly I-pure phase spon-
taneously appears with a volume fraction of about 0.08% and Br concentration
of about 0.2%, containing about 13% of the photocarriers. The same remarks
as above about a free energy barrier to form a critical nucleus for the nearly
I-pure phase apply to this situation. As is clear from Figs. 4.2g-i, the way in
which the three-phase coexistence region is entered for increasing I is the same
as for increasing T . This means that the nearly I-pure nuclei are in this case
exclusively generated in the I-rich phase (situation ‘II’ in Fig. 4.1).

4.4 Discussion

Although we focused on a particular mixed halide perovskite, MAPb(I1−xBrx)3,
and used particular parameter values, we expect that the concepts developed in
this work will be applicable to mixed halide perovskites in general. We stress
that substantial uncertainties in our quantitative predictions are expected, be-
cause we had to make several simplifying assumptions. Quantitative improve-
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Figure 4.3: Parameter sweeps through three-phase coexistence region. Volume
fractions φi , bromine concentrations xi , and photocarrier fractions fi as function of
temperature T at illumination intensity I = 20 Sun for a x = 0.395 (left double-headed
arrow in Fig. 4.2h) and b x = 0.435 (right double-headed arrow). From top to bottom:
Br-rich phase, I-rich phase, and nearly I-pure phase. Thin dark-colored lines: increasing
T . Thick light-colored lines: decreasing T . Free energy minima are followed until they
disappear. The dotted lines in b indicate that the three-phase coexistence is separated
from the two types of two-phase coexistence by a free energy barrier. c Same as a and b,
but as function of I for T = 252 K and x = 0.395 (black squares in Figs. 4.2g-i).

ments of our work in several directions are possible. Accounting for different
monomolecular and bimolecular recombination rates in the different phases will
be relatively easy, but the information required for this is presently not available
to us. Accounting for non-uniformity of the photocarrier distribution inside the
phase domains will be more complicated, requiring information about the dif-
fusion lengths of the photocarriers in comparison to the sizes and shapes of the
domains. We further remark that we have applied thermodynamic equilibrium
arguments, which cannot account for kinetic effects. One such effect is the ki-
netic trapping of Br ions inside the nearly I-pure nuclei [66], possibly explaining
why the observed Br concentration of x ≈ 0.2 in these nuclei [36] is not as small
as expected from equilibrium arguments. Finally, when changing temperature,
perovskites may undergo structural phase transitions and volume changes that
will interfere with halide segregation. Nevertheless, we expect the three-phase
coexistence to be a robust phenomenon, also present in quantitatively improved
versions of our analysis. In particular, we expect that our conclusion that the
light-induced three-phase coexistence should occur close to the critical point
for intrinsic halide segregation in the dark will be unaffected by quantitative
improvements.

We propose experimental verification of the predicted three-phase coex-
istence by a combination of absorption and photoluminescence experiments.
Presence of both the I-rich and Br-rich phase can be detected by the occur-
rence of two step-like increases at the respective band gaps in the absorption
spectrum. The additional nearly I-pure phase can be detected by a peak in the
photoluminescence spectrum close to the band gap of MAPbI3. Because of the
funneling effect, a sizeable peak should be visible, despite the very small vol-
ume fraction of this phase. We remark that extreme illumination intensities are
not needed. We studied three-phase coexistence in Figs. 4.3a and b for I = 20
Sun, but it is also present at I = 2 Sun (see Figs. 4.2d and g) and even lower
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illumination intensities.
A worry could be that experimental verification requires cooling down to

temperatures around Tc, where slowing down of halide diffusion might hamper
observation. Estimates of the diffusion barriers for vacancy-mediated diffusion
of I and Br in MAPb(I1−xBrx)3 are 0.17-0.25 and 0.23-0.43 eV, respectively [33].
Taking 0.25 eV as a typical barrier and an Arrhenius T dependence, we find
that the diffusion speed is slowed down by a factor of about 3 at the calcu-
lated Tc = 266 K [35] as compared to room temperature. Since light-induced
halide demixing at room temperature occurs on time scales of hours [93], es-
tablishing equilibrium conditions for three-phase coexistence should still occur
on experimentally feasible time scales. MAPb(I1−xBrx)3 seems a good candidate
for experimental verification, since the calculated Tc’s of other AB(I1−xBrx)3 per-
ovskites are lower [35]. We mention in this context that the precise value of the
calculated Tc depends rather sensitively on technical details of the calculations.
For example, in Ref. [61] a value Tc = 343 K was reported for MAPb(I1−xBrx)3,
which is even above room temperature. Considerable uncertainties in calcu-
lated values of Tc should therefore be expected.

Experimental verification of the three phase coexistence would establish a
fundamentally novel type of three-phase coexistence and provide a new viewing
angle on demixing processes in mixed halide perovskites. The insight that light
can be used as a parameter to influence segregation processes could also be
applicable to other compound semiconductors where the band gap changes with
composition.
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Light-induced three-phase
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B.1 Compositional mixing free energy

In Fig. B.1 we reproduce the compositional mixing free energy ∆F (x,T ) cal-
culated in Ref. [35] (also see Chapter 3) that enters Eq. (4.1) in ‘Methods’ of
the main text. This mixing free energy was calculated following the procedure
outlined in Ref. [61], using density functional theory with a thermodynamic
analysis performed within the generalized quasi-chemical approximation [62].
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Figure B.1: Compositional mixing free energy per formula unit (f.u.) as a function of Br
concentration x at different temperatures T . Reproduced from Ref. [35].

B.2 Binodals and spinodals for mixed phase to two-
phase coexistence

We apply Eqs. (4.1)-(4.3) in ‘Methods’ of the main text to the case of halide
segregation into two phases. Substituting n1 and n2, which can be obtained by
solving Eqs. (4.2) and (4.3) in the main text, Eq. (4.1) in the main text becomes

∆F⋆(x1, x2,φ1,φ2,T ) =φ1∆F (x1)+φ2∆F (x2)

+2Gτ
φ1 f (x1)+φ2 f (x2)

φ1g (x1)+φ2g (x2)+
√

(φ1g (x1)+φ2g (x2))2 +D(φ1g 2(x1)+φ2g 2(x2))
,

(B.1)
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with

D = 4Gkτ2/V , (B.2)

and

f (x) =Eg(x)exp
(−Eg(x)/kBT

)
,

g (x) =exp
(−Eg(x)/kBT

)
.

(B.3)

The T -dependence in Eq. (B.1) has been suppressed. We should minimize
Eq. (B.1) under the conditions φ1 +φ2 = 1 and φ1x1 +φ2x2 = x.

To find the binodals in the x-T phase diagram, we investigate the possibility,
starting from the mixed situation with Br concentration x, to decrease the free
energy by demixing through nucleation of a phase with a Br concentration x2 ̸= x
with a small volume fraction δφ ≡ φ2. The free energy Eq. (B.1) in the mixed
situation is ∆F⋆(x, x,1,0,T ), while the free energy in the demixed situation is
∆F⋆(x1, x2,1−δφ,δφ,T ), with, to linear order in δφ, x1 = x − (x2 − x)δφ. The
difference in free energy between the demixed and mixed situations is to linear
order in δφ:

δ∆F⋆ = δφ
{
∆F (x2)−∆F (x)+ (x −x2)∆F ′(x)

+2Gτ
[ f (x2)− f (x)+ (x −x2) f ′(x)

(1+p
1+D)g (x)

− f (x)

((1+p
1+D)g (x))2

(
g (x2)− g (x)+ (x −x2)g ′(x)

+ 2g (x)(g (x2)− g (x)+ (x −x2)g ′(x))+D(g 2(x2)− g 2(x)+2(x −x2)g (x)g ′(x))

2
p

1+Dg (x)

)]}
.

(B.4)
When δ∆F⋆ < 0, the demixed situation has a lower free energy than the mixed
situation. We therefore find the binodals in Figs. 4.2a-c of the main text for
a certain illumination intensity I by looking if a value x2 of a nucleated phase
exists for which δ∆F⋆ = 0.

To find the spinodals we consider the possibility to decrease the free energy
by generating a volume fraction φ of a phase with a slightly different concen-
tration x2 = x +δx. The free energy in the demixed situation can be written as
∆F⋆(x −φδx/(1−φ), x +δx,1−φ,φ,T ). To second order in δx the difference in
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free energy becomes

δ∆F⋆ = φ(δx)2

2(1−φ)

{
∆F ′′(x)+2Gτ

[ f ′′(x)

(1+p
1+D)g (x)

− f (x)

((1+p
1+D)g (x))2

(
g ′′(x)

+ g (x)g ′′(x)+D([g ′(x)]2 + g (x)g ′′(x))p
1+Dg (x)

)]}
.

(B.5)
Putting δ∆F⋆ = 0 yields the spinodal separating the unstable from the metastable
region in the x-T phase diagrams shown in Figs. 4.2a-c of the main text.

We remark that Eqs. (B.4) and (B.5) are more accurate than Eqs. (11)
and (13) in Ref. [35](also see Chapter 3). Equations (B.4) and (B.5) con-
sider bimolecular recombination in both the parent and nucleated phases while
Eqs. (11) and (13) in Ref. [35] neglect bimolecular recombination in the parent
phase. For the illumination intensities studied in Ref. [35] this is a good approx-
imation, but in the present work this not a good approximation anymore for an
illumination intensity of 200 Sun.

B.3 Extension of common tangent method

The binodals also follow from demanding that ∂∆F⋆/∂x2 = 0 and ∂∆F⋆/∂φ2 = 0
under the conditions φ1+φ2 = 1 and φ1x1+φ2x2 = x, with ∆F⋆ given by Eq. (B.1).
When only considering the compositional free energy this leads to the common
tangent equations ∆F (x2) =∆F (x1)− (x1 −x2)∆F ′(x1) and ∆F ′(x2) =∆F ′(x1). With
the inclusion of the photocarrier free energy we obtain instead

∆F (x2) =∆F (x1)− (x1 −x2)∆F ′(x1)−2Gτ
[ f (x2)− f (x1)+ (x1 −x2) f ′(x1)

φ1g (x1)+φ2g (x2)+H0

− φ1 f (x1)+φ2 f (x2)

(φ1g (x1)+φ2g (x2)+H0)2

×
(
g (x2)− g (x1)+ (x1 −x2)g ′(x1)+ H1

2H0

)]
,

(B.6)

and

∆F ′(x2) =∆F ′(x1)−2Gτ
[ f ′(x2)− f ′(x1)

φ1g (x1)+φ2g (x2)+H0

− φ1 f (x1)+φ2 f (x2)

(φ1g (x1)+φ2g (x2)+H0)2

(
g ′(x2)− g ′(x1)+ H2

2H0

)]
,

(B.7)
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where H0, H1 and H2 are

H0 =
√

(φ1g (x1)+φ2g (x2))2 +D(φ1g 2(x1)+φ2g 2(x2)),

H1 =2(φ1g (x1)+φ2g (x2))(g (x2)− g (x1)+ (x1 −x2)g ′(x1))

+D(g 2(x2)− g 2(x1)+2g (x1)g ′(x1)(x1 −x2)),

H2 =2(φ1g (x1)+φ2g (x2))(g ′(x2)− g ′(x1))+2D(g (x2)g ′(x2)− g (x1)g ′(x1)).

(B.8)

Putting φ1 = 1−δφ, φ2 = δφ and x1 = x − (x2 − x)δφ in Eq. (B.6) and linearizing
in δφ yields Eq. (B.4).

B.4 Binodals and spinodals for two-phase to three-
phase coexistence

To determine the binodals for two-phase to three-phase coexistence, we start
with finding the minimum of the two-phase free energy in the metastable (grey)
and unstable (pink) regions of the phase diagrams Figs. 4.2a-c of the main text
using a standard minimization algorithm. From this, the free energies ∆F⋆, vol-
ume fractions φ1 and φ2, and Br concentrations x1 and x2 of the local and global
minima are determined. The comparison of the free energies of the global min-
ima leads to two distinct two-phase coexistence regions, separated by purple
lines, as shown in Fig. B.2 for MAPb(I1−xBrx)3 at different illumination intensi-
ties. In the upper right region we have ‘nearly I-pure + mixed’ coexistence and
in the lower left region ‘I-rich + Br-rich’ coexistence.
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Figure B.2: Phase diagrams for two-phase coexistence in MAPb(I1−xBrx)3 at different
illumination intensities. The purple lines indicate where the free energy minima of the
two different types of two-phase coexistence switch order.
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To determine the binodals we consider the possibility, starting from the free
energy of the global two-phase coexistence minimum, to further decrease the
free energy by generating a third phase with Br concentration x3 ̸= x1, x2 with
a small volume fraction δφ ≡ φ3. The two-phase free energy is obtained from
Eq. (B.1) and the three-phase free energy is ∆F⋆(x1 + c1δφ, x2 + c2δφ, x3,φ1 −
cδφ,φ2 − (1− c)δφ,δφ,T ), with, to linear order in δφ,

c1φ1 + c2φ2 − cx1 − (1− c)x2 +x3 = 0, (B.9)

where c1, c2 and c are constants. The free energy difference between the three-
phase and two-phase coexistence is to linear order in δφ:

δ∆F⋆ =δφ
{(

c1φ1∆F ′(x1)+ c2φ2∆F ′(x2)− c∆F (x1)− (1− c)∆F (x2)+∆F (x3)
)

+2Gτ
[c1φ1 f ′(x1)+ c2φ2 f ′(x2)− c f (x1)− (1− c) f (x2)+ f (x3)

φ1g (x1)+φ2g (x2)+H0

− φ1 f (x1)+φ2 f (x2)

(φ1g (x1)+φ2g (x2)+H0)2

(
c1φ1g ′(x1)+ c2φ2g ′(x2)

− cg (x1)− (1− c)g (x2)+ g (x3)+ H3

2H0

)]}
,

(B.10)
where

H3 =2(φ1g (x1)+φ2g (x2))(c1φ1g ′(x1)+ c2φ2g ′(x2)− cg (x1)− (1− c)g (x2)+ g (x3))

+D(2c1φ1g (x1)g ′(x1)+2c2φ2g (x2)g ′(x2)− cg 2(x1)− (1− c)g 2(x2)+ g 2(x3)).
(B.11)

Since φ1, φ2, x1, and x2 are determined by minimizing the two-phase free
energy, Eqs. (B.6) and (B.7) should be satisfied when inserting the numerically
determined values. This means that we can substitute Eqs. (B.6) and (B.7) in
Eq. (B.10) to eliminate the constants c1, c2, and c. This leads to

δ∆F⋆ =δφ
{
∆F (x3)−∆F (x1)+ (x1 −x3)F ′(x1)

+2Gτ
[ f (x3)− f (x1)+ (x1 −x3) f ′(x1)

φ1g (x1)+φ2g (x2)+H0

− φ1 f (x1)+φ2 f (x2)

(φ1g (x1)+φ2g (x2)+H0)2

(
g (x3)− g (x1)+ (x1 −x3)g ′(x1)

+ 2(φ1g (x1)+φ2g (x2))(g (x3)− g (x1)+ (x1 −x3)g ′(x1))

2H0

+ D(g 2(x3)− g 2(x1)+2(x1 −x3)g (x1)g ′(x1))

2H0

)]}
.

(B.12)
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When δ∆F⋆ < 0, the three-phase coexistence has a lower free energy than the
two-phase coexistence. We thus find the binodals for two-phase to three-phase
coexistence in Figs. 4.2d-i of the main text by looking if a value x3 of a third
phase exists for which δ∆F⋆ = 0. Because we have two types of two-phase
coexistence we find two types of binodals. The binodals labeled ‘1’ are those for
‘nearly I-pure + mixed’ to three-phase coexistence and the binodals labeled ‘2’
are those for ‘I-rich + Br-rich’ to three-phase coexistence.

To find the spinodals we consider the possibility to decrease the free energy
by generating a small volume fraction δφ3 of a third phase from the first phase
with a slightly different Br concentration x3 = x1+δx3 (the argument is the same
for generation of the third phase from the second phase). The free energy for
the three-phase coexistence can be written as ∆F⋆(x1+δx1, x2+δx2, x1+δx3,φ1+
δφ1,φ2 +δφ2,δφ3,T ) with

δφ1 +δφ2 +δφ3 = 0, (B.13)

and

x1δφ1 +x2δφ2 +x1δφ3 +φ1δx1 +φ2δx2 +δφ1δx1 +δφ2δx2 +δφ3δx3 = 0. (B.14)

Taking x3 = x1 +δx3, the free energy difference between the three-phase and
two-phase coexistence is to second order in δx3:

δ∆F⋆ =∆F (x1)δφ1 +∆F (x2)δφ2 +∆F (x1)δφ3 +φ1∆F ′(x1)δx1 +φ2∆F ′(x2)δx2

+∆F ′(x1)δφ1δx1 +∆F ′(x2)δφ2δx2 +∆F ′(x1)δφ3δx3 +∆F ′′(x1)δφ3 (δx3)2 /2

+2Gτ
[ 1

φ1g (x1)+φ2g (x2)+H0

(
f (x1)δφ1 + f (x2)δφ2 + f (x1)δφ3

+φ1 f ′(x1)δx1 +φ2 f ′(x2)δx2

+ f ′(x1)δφ1δx1 + f ′(x2)δφ2δx2 + f ′(x1)δφ3δx3 + f ′′(x1)δφ3(δx3)2/2
)

− φ1 f (x1)+φ2 f (x2)

(φ1g (x1)+φ2g (x2)+H0)2

(
g (x1)δφ1 + g (x2)δφ2 + g (x1)δφ3

+φ1g ′(x1)δx1 +φ2g ′(x2)δx2 + g ′(x1)δφ1δx1 + g ′(x2)δφ2δx2

+ g ′(x1)δφ3δx3 + g ′′(x1)δφ3(δx3)2/2+ H4

2H0

)]
,

(B.15)
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where

H4 =2(φ1g (x1)+φ2g (x2))(g (x1)δφ1 + g (x2)δφ2 + g (x1)δφ3 +φ1g ′(x1)δx1

+φ2g ′(x2)δx2 + g ′(x1)δφ1δx1 + g ′(x2)δφ2δx2 + g ′(x1)δφ3δx3

+ g ′′(x1)δφ3(δx3)2/2)+D[g 2(x1)δφ1 + g 2(x2)δφ2 + g 2(x1)δφ3

+2(φ1g (x1)g ′(x1)δx1 +φ2g (x2)g ′(x2)δx2 + g (x1)g ′(x1)δφ1δx1

+ g (x2)g ′(x2)δφ2δx2 + g (x1)g ′(x1)δφ3δx3

+ ([g ′(x1)]2 + g (x1)g ′′(x1))δφ3(δx3)2/2)].

(B.16)

Substituting Eqs. (B.6) and (B.7) in Eq. (B.15), the difference in free energy
becomes

δ∆F⋆ =1

2
δφ3(δx3)2

{
∆F ′′(x1)+2Gτ

[ 1

φ1g (x1)+φ2g (x2)+H0
f ′′(x1)

− φ1 f (x1)+φ2 f (x2)

(φ1g (x1)+φ2g (x2)+H0)2

×
(
g ′′(x1)+ (φ1g (x1)+φ2g (x2))g ′′(x1)+D[(g ′(x1))2 + g (x1)g ′′(x1)]

H0

)]}
.

(B.17)
Starting in the ‘nearly I-pure + mixed’ coexistence region and decreasing T
we first cross binodal ‘1’. After that, the three-phase coexistence free energy
becomes lower than the two-phase coexistence free energy, while a barrier be-
tween these free energies still exists. Taking x1 as the Br concentration in the
mixed phase, the barrier disappears when δ∆F⋆ = 0, which is where spinodal
‘1’ is located. Taking instead x1 as the Br concentration in the nearly I-pure
phase, we have δ∆F⋆ > 0, demonstrating that the I-rich and Br-rich phase are
generated from the mixed phase and not from the nearly I-pure phase. Vice
versa, starting in the ‘I-rich + Br-rich’ coexistence region and increasing T we
first cross binodal ‘2’. Taking x1 as the Br concentration in the I-rich phase, the
barrier disappears when δ∆F⋆ = 0, which is where spinodal ‘2’ is located. Tak-
ing instead x1 as the Br concentration in the Br-rich phase, we have δ∆F⋆ > 0,
demonstrating that the nearly I-pure phase is generated from the I-rich phase
and not from the Br-rich phase. The results in Fig. 4.3 of the main text have
been obtained with a standard numerical minimization algorithm.



Chapter 5
Thermodynamic explanation of
the high photostability of
PEA2Pb(I1−xBrx)4

The two-dimensional (2D) mixed halide perovskite PEA2Pb(I1−xBrx)4 exhibits
superior phase stability under illumination as compared to the three-dimensional
(3D) counterpart MAPb(I1−xBrx)3. We explore this difference using a thermo-
dynamic theory that is based on a free energy decrease favoring demixing due
to funneling of photocarriers into low-band gap I-rich nuclei. We find that the
improved phase stability in the 2D perovskite, with a much lower critical tem-
perature for halide segregation in the dark than the 3D perovskite, is closely
related to the existence of a preferred I-Br distribution. A smaller band gap dif-
ference between the parent and nucleated I-rich phase, and a markedly shorter
photocarrier lifetime are suggested to be responsible for the enhanced phase
stability of the 2D perovskite under illumination.



80 Thermodynamic explanation of the high photostability of PEA2Pb(I1−xBrx)4

Metal halide perovskites are emerging semiconducting materials for photo-
voltaics. They have the general chemical formula ABX3, where A is a monova-
lent organic or inorganic cation like methylammonium (MA), formamidinium
(FA), or Cs, M is a divalent metal cation like Pb or Sn, and X is a halide anion like
I, Br, or Cl [14–16, 18, 90, 112]. By sandwiching three-dimensional (3D) ABX3

perovskite layers with large organic spacer cations, layered two-dimensional
(2D) perovskites can be obtained [113–117]. One type of 2D perovskites, called
Ruddlesden-Popper (RP) perovskites, has become appealing as light absorbers
owing to their the superior resistance against moisture [118–122]. The gen-
eral chemical formula of RP-type halide perovskites is R2An−1BnX3n+1, where
R is a monovalent organic spacer cation (e.g. phenethylammonium (PEA) or
butylammonium (BA) [115,116]) and n is the number of B-X octahedral layers.

Recently, the band gap tunability of 2D RP halide perovskites by composi-
tional alloying on X sites has attracted increasing attention [34,56,57,123,124].
This band gap tunability has stimulated the use of 2D perovskites in solar cells,
light-emitting devices, and photodetectors [114, 125–127]. Very promising is
the recent finding that light-induced halide segregation, which occurs in the 3D
perovskite MAPb(I1−xBrx)3 when the Br fraction x exceeds about 0.2 [36, 38],
vanishes in the 2D n = 1 perovskite PEA2Pb(I0.5Br0.5)4 [56, 57]. A kinetic ex-
planation has been given of this improved photostability that is based on a
slightly increased halide migration barrier in PEA2Pb(I0.5Br0.5)4 in comparison
to MAPb(I0.5Br0.5)3 [56]. However, it is questionable if an only slightly increased
migration barrier can fully explain the vanishing of the halide segregation. A
thermodynamic explanation of the superior photostability would be welcome.

To understand light-induced halide segregation in 3D mixed halide per-
ovskites, we have recently developed a unified thermodynamic theory that is
based on a free energy minimization involving funnelling of photocarriers into
a low-band gap phase nucleated out of the mixed parent phase [35]. We applied
the theory to a series of 3D mixed I-Br perovskites. Several experimental obser-
vations could be explained from the composition-temperature (x-T ) phase dia-
grams [35]. For MAPb(I1−xBrx)3, we predicted a composition- and temperature-
dependence of the threshold illumination intensity, and a temperature-depend-
ence of the threshold Br concentration for halide demixing that are qualitatively
consistent with experiment results [35]. Important questions are whether there
are similar thresholds in PEA2Pb(I1−xBrx)4 and, if they exist, how they compare
to those in MAPb(I1−xBrx)3.

In this chapter, we apply the thermodynamic theory of Ref. [35] to the 2D
mixed halide perovskite PEA2Pb(I1−xBrx)4 and study its phase stability in the
dark and under illumination. We start with a calculation of the Helmholtz
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compositional free energy and then construct the x-T phase diagrams of mixed
halide perovskite PEA2Pb(I1−xBrx)4 in the dark and under different illumina-
tion intensities. We predict the existence of illumination density threshold and
Br concentration threshold for the halide demixing in the PEA2Pb(I1−xBrx)4. By
comparing to MAPb(I1−xBrx)3, we find that, both in the dark and under illu-
mination, PEA2Pb(I1−xBrx)4 is thermodynamically more stable. The reasons for
the improved phase stability of PEA2Pb(I1−xBrx)4 are discussed.

5.1 Methods

5.1.1 Calculation of total energies

To calculate the total energies of PEA2Pb(I1−xBrx)4, we start from a periodic
unit cell of PEA2PbI4 containing 4 formula units, with two parallel inorganic
Pb-I octahedral layers in the equatorial plane and two organic PEA bilayers
intercalating along the axial direction [113]. We then replace I anions by Br
anions at different Br concentrations x = 0, 1/8, 1/4, 3/8, 1/2, 5/8, 3/4, 7/8,
1. For each possible configuration, we take the same halide distribution for the
two parallel inorganic layers. The total number of possible configurations then
becomes 28 = 256. With a perfect D4h symmetry for each inorganic layer, the
total number of inequivalent configurations is reduced to 45.

The total energy calculations are performed within density functional the-
ory (DFT), using the projector augmented wave (PAW) [97] method as im-
plemented in the Vienna Ab-Initio Simulation Package (VASP) [98]. The used
electronic exchange-correlation interaction is described by the Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient approximation (GGA)
[79]. We use 6×6×2 k-point Brillouin zone samplings and a plane-wave kinetic
energy cutoff of 500 eV. The D3 correction [128] is used to describe the van der
Waals interactions between the organic PEA bilayers and the inorganic layers.
The shape, volume, and atomic positions of each possible configuration are fully
optimized. Energy and force convergence criteria of 0.01 meV and 0.01 eV/Å,
respectively, are used in all calculations.
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5.1.2 Calculation of the mixing free energy in the dark

The mixing enthalpy ∆U j of inequivalent configurations j = 1,2, . . . , J per formula
unit (f.u.) for 2D PEA2Pb(I1−xBrx)4 is calculated by

∆U j = E j − (1−x)E1 −xE J , (5.1)

where E j , E1, and E J are the total energies per f.u. of the inequivalent mixed
I-Br, the pure I, and the pure Br configurations, respectively. The results are dis-
played by circles in Fig. 5.1a. We then apply the quasi-chemical approximation
(QCA) [62] to obtain the Helmholtz free energy ∆F (x,T ) as functions of the Br
concentration x and temperature T ,

∆F (x,T ) =∆U (x,T )−T∆S(x,T ), (5.2)

where ∆U (x,T ) and ∆S(x,T ) are the mixing enthalpy and entropy, respectively.
The computational details can be found in Chapter 3. The mixing enthalpy and
mixing free energy of MAPb(I1−xBrx)3 reproduced from Chapter 3 are displayed
in Appendix C.2.

5.1.3 Calculation of the free energy under illuminaton

Like in Chapter 3, we should minimize the total free energy per f.u. under il-
lumination, consisting of the sum over the two phases of a compositional and
photocarrier free energy:

∆F⋆(x1, x2,φ1,φ2,T ) =φ1∆F (x1,T )+φ2∆F (x2,T )+n1φ1Eg(x1)+n2φ2Eg(x2).
(5.3)

Here, φ1 and φ2 are the volume fractions of the two phases, and x1 and x2 are
the Br concentrations of the two phases, which have different band gaps Eg(x1)
and Eg(x2). Neglecting the small volume difference per f.u. between the two
phases yields the conditions φ1 +φ2 = 1 and φ1x1 +φ2x2 = x. Depending on the
band gaps of the two phases, the photocarriers redistribute over the two phases
with different densities (numbers of carriers per f.u.) n1 and n2. Demanding
local charge neutrality, the densities of electrons and holes in each phase are
the same. Since n1,n2 ≪ 1, we can use Boltzmann statistics:

n2/n1 = e−(Eg(x2)−Eg(x1))/kBT , (5.4)

where kBT is the thermal energy. We assume that the diffusion length of pho-
tocarriers is larger than the feature size of domains, so that we can take the
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distribution of photocarriers in each phase to be uniform. In equilibrium, the
total generation rates of photocarriers are equal to the total annihilation rates
by monomolecular and bimolecular recombination in the two phases:

G =φ1
(
n1/τ+kn2

1/V
)+φ2

(
n2/τ+kn2

2/V
)

. (5.5)

Here, we assume that the photocarrier generation rate per f.u. G, the photo-
carrier lifetime τ, and the bimolecular recombinaton rate k is the same for the
two phases. For the photocarrier generation rate we take G = IαV /hν, where I
is the illumination intensity, α is the absorption coefficient, V the volume, and
hν the photon energy. The monomolecular and bimolecular recombination rate
are given by the inverse photocarrier lifetime 1/τ and k, respectively.

All the techniques to minimize the total free energy, Eq. (5.3), to obtain the
binodals and spinodals in Fig. 5.3, and the thresholds for halide demixing are
the same as in Chapter 3 and are described there in detail. Improvements of
our methods are possible by considering, e.g., different recombination rates in
different phases, and a non-uniformity of the photocarrier distribution in each
phase. However, the information required for such improvements is presently
not available.

5.2 Results and Discussion

To obtain the Helmholtz compositional mixing free energy of PEA2Pb(I1−xBrx)4

in the dark we first calculate the mixing enthalpies of possible configurations
of the halide anions at different Br concentrations (see ‘Methods’ section in this
chapter). The mixing enthalpies ∆U per formula unit (f.u.) for the possible
configurations at discrete Br concentrations x = 0, 1/8, 1/4, 3/8, 1/2, 5/8, 3/4,
7/8, and 1 are shown by circles in Fig. 5.1a.

From these results, we identify for PEA2Pb(I1−xBrx)4 a preferred I-Br distri-
bution where the Br anions are located at the equatorial sites of the Pb-X octa-
hedral layers, while the I anions are located at the axial sites. This leads to a
situation where the most stable (unstable) configuration with the lowest (high-
est) enthalpy for each discrete Br concentration x has the maximum number of
Br (I) anions at equatorial sites. The configurations with the highest and lowest
enthalpy for x = 0.5 are displayed in Fig. 5.1b, where the top configuration is
unstable, with all Br anions in the axial layer, and the bottom configuration is
stable, with all Br anions in equatorial layer.

This preferential halide distribution in PEA2Pb(I1−xBrx)4 can be explained
by a volume effect. Due to the inequivalence of equatorial and axial sites, the
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Figure 5.1: Mixing enthalpy and free energy of the 2D perovskite PEA2Pb(I1−xBrx)4
in the dark. a Mixing enthalpy per formula unit (f.u.) as a function of Br concentration
x. Circles: values calculated for each possible configuration of I and Br anions. Filled
circles: values for the most unstable (pink) and stable (green) configurations for x =
0.5. Curves: results when using the quasi-chemical approximation (QCA) at different
temperatures. b Corresponding atomic structures for the filled circles at x = 0.5 in a. c
Mixing free energy per f.u. at different temperatures as a function of Br concentration.

substitution of smaller but more electronegative Br anions for I anions at equato-
rial and axial sites of the unit cell of PEA2PbI4 gives different degrees of volume
contraction (see Appendix C.1). For a given Br concentration, the volume of the
unit cell tends to be smaller when the Br anions are placed at equatorial sites
than when they are placed at axial sites. This is mainly due to the fact that each
equatorial anion forms chemical bonds with two adjacent Pb cations, whereas
each axial anion on one side forms a bond with an equatorial Pb cation and on
the other side is only weakly bonded to the organic layer. Substitution at equa-
torial sites will therefore lead to larger structural changes than substitution at
axial sites. A reduced volume leads to an enhanced chemical bonding between
the halide anions with surrounding cations, which results in a lower enthalpy.

By applying the quasi-chemical approximation (QCA) [35, 61, 62] of binary
alloying theory to the mixing enthalpies calculated at discrete Br concentrations,
we obtain the mixing enthalpy ∆U (x,T ) as a continuous function of Br concen-
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tration x for different temperatures (see Fig. 5.1a). Taking the mixing entropy
∆S(x,T ) into account yields the compositional mixing free energy ∆F (x,T ) of
PEA2Pb(I1−xBrx)4 per f.u. in the dark at different temperatures (see Fig. 5.1c)
by using the formula ∆F (x,T ) = ∆U (x,T )−T∆S(x,T ). The details are given in
Section 3.2.2, Chapter 3. The mixing enthalpy and free energy of the 3D coun-
terpart MAPb(I1−xBrx)3 in the dark are reproduced in Appendix C.2.

The composition-temperature, x-T , phase diagrams of a mixed halide per-
ovskite in the dark can, analogously to ordinary binary mixtures, be constructed
by collecting the points of common tangent and the inflection points of the com-
positional mixing free energy in x-T space [35, 61]. In Fig. 5.2b, we show the
phase diagram of PEA2Pb(I1−xBrx)4 in the dark. For ease of comparison, the
phase diagram of MAPb(I1−xBrx)3, reproduced from Ref. [35], is displayed in
Fig. 5.2a. The blue curve in the phase diagrams, determined by finding the
points of common tangent of the mixing free energy in Fig. 5.1c, is the bin-
odal, separating the metastable region (grey) from the stable region (white).
The red curve, obtained by finding the inflection points of the mixing free en-
ergy in Fig. 5.1c, is the spinodal, separating the unstable region (pink) from
the metastable region. The position where the binodal and spinodal meet is the
critical point (xc, Tc). The critical temperature Tc of MAPb(I1−xBrx)3 is about
266 K. With a much lower critical temperature of 161 K, PEA2Pb(I1−xBrx)4 is
thermodynamically much more stable in the dark. Since the calculated critical
temperature Tc < 300 K, both compounds are thermodynamically stable at room
temperature, which is in agreement with the experimental observations that
MAPb(I1−xBrx)3 and PEA2Pb(I1−xBrx)4 do not phase separate at room tempera-
ture in the dark [36,56].

We correlate the improved phase stability of PEA2Pb(I1−xBrx)4 to the exis-
tence of the favorable distribution of halide anions in the dark, as analysed in
Fig. 5.1. Since in this favorable distribution the I and Br anions are already
well demixed (the I anions prefer to be at axial sites and the Br anions prefer
to be at equatorial sites) the enthalpic driving force for a further demixing is
strongly reduced. This leads to a markedly lower critical temperature than in
3D MAPb(I1−xBrx)3.

To investigate the phase stability of the 2D PEA2Pb(I1−xBrx)4 perovskite un-
der illumination, we also make use of the x-T phase diagram. However, the
method to obtain the phase diagram of a mixed halide perovskite in the dark is
not applicable to the situation under illumination. The presence of photocarri-
ers under illumination requires an addition of a free energy contribution of the
photocarriers to the compositional mixing free energy [35]. If we assume there
is halide segregation in a mixed I-Br perovskite, and that the segregation re-
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Figure 5.2: Phase diagrams for halide segregation in the dark in the temperature win-
dow T = 100− 350 K of a the 3D perovskite MAPb(I1−xBrx)3 and b the 2D perovskite
PEA2Pb(I1−xBrx)4. Blue curves: binodals separating the metastable (grey) and stable
(white) regions. Red curves: spinodals separating the unstable (pink) and metastable
regions.

sults in only two phases, the total free energy applicable to the situation under
illumination is given by the sum of the compositional free energy and the photo-
carrier free energy of the two phases; see Eq. (5.3). Here, the latter contribution
is governed by the band gap and photocarrier density of the two phases.

The band gaps of PEA2Pb(I1−xBrx)4 and MAPb(I1−xBrx)3 are taken from ex-
periment (see Appendix C.3). The band gap of PEA2Pb(I1−xBrx)4 can be accu-
rately described by the function Eg(x) = 2.37(1− x)+3.03x −0.33x(1− x) eV [34],
interpolating between the band gap of 2.37 eV for PEA2PbI4 and 3.03 eV for
PEA2PbBr4. The band gap of MAPb(I1−xBrx)3 is smaller but shows a relatively
higher steepness: Eg(x) = 1.57(1−x)+2.29x−0.33x(1−x) [29] eV, where 1.57 eV is
the band gap of the MAPbI3 and 2.29 eV the MAPbBr3. By comparing the band
gaps of the pure-I and pure-Br perovskites, we find that the band gap tunability
in PEA2Pb(I1−xBrx)4 is slightly smaller than that in MAPb(I1−xBrx)3. This has
an important effect on the phase diagrams, as we will show below.

The photocarrier densities of the two phases are governed by a considera-
tion of the band gap-dependent photocarrier redistribution in the two phases,
Eq. (5.4), and the balance of the photocarrier generation and annihilation pro-
cesses in the two phases, Eq. (5.5). We make the simplifying assumption that
the photocarrier generation rate G is equal in the two phases and is given
for a thin film by G = IαV /hν, where I is the illumination intensity (I = 100
mW cm−2 for one Sun), α is the absorption coefficient, V is the volume per
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f.u., and hν is the photon energy. The annihilation of photocarriers is charac-
terized by monomolecular and bimolecular recombination in the two phases,
where the rate constants, given by the inverse photocarrier lifetime 1/τ and
k, respectively, are assumed to be phase-independent. For MAPb(I1−xBrx)3

and PEA2Pb(I1−xBrx)4, we take the values α = 10−5 cm−1, hν = 3 eV [38, 129],
k = 10−10 cm3 s−1 [99, 129], and V = 2.5×10−22 cm3 [35], applicable for stan-
dard MAPbI3 and PEA2PbI4 films. Since the photocarriers in PEA2Pb(I1−xBrx)4

are confined in the quantum well-like inorganic layer, we take an effective vol-
ume V for PEA2Pb(I1−xBrx)4 per f.u. that is approximately equal to the volume
of MAPbI3 per f.u. For the photocarrier lifetime we take the experimental values
τ= 100 ns [99] and 1 ns [129,130] for MAPb(I1−xBrx)3 and PEA2Pb(I1−xBrx)4,
respectively. To disentangle the effects of band gap and photocarrier lifetime
on the photostability, we first apply the photocarrier lifetime of 100 ns for
MAPb(I1−xBrx)3 also to PEA2Pb(I1−xBrx)4 and then we take the appropriate life-
time of 1 ns for PEA2Pb(I1−xBrx)4.

The halide segregation in mixed I-Br perovskites under illumination is a
consequence of a decreased free energy by accumulation of photocarriers in
a low-band gap nucleated I-rich phase [35, 38], where the driving force for
halide demixing is the band gap difference between the parent mixed phase
and the nucleated low-band gap phase [38]. We obtain the phase diagrams
of PEA2Pb(I1−xBrx)4 and MAPb(I1−xBrx)3 under illumination by minimizing the
total free energy, Eq. (5.3), under the conditions φ1+φ2 = 1 and φ1x1+φ2x2 = x.

Figures 5.3a-f show the composition-temperature, x-T , phase diagrams for
PEA2-Pb(I1−xBrx)4 and MAPb(I1−xBrx)3 at different illumination intensities I =
0.1, 1, 10 Sun, taking τ = 100 ns in Eq. (5.5) for both perovskites. In com-
parison to the phase diagrams in the dark (see Fig. 5.2), the spinodals in both
perovskites only slightly change by the illumination. By contrast, the binodals
change significantly. As already found in our previous analysis [35], for the 3D
MAPb(I1−xBrx)3 two types of binodals are obtained, a compositional binodal
(blue curve) and a light-induced binodal (green curve). When the left (right)
branch of the compositional binodal is crossed by increasing (decreasing) x or
decreasing T , a phase is generated that is more Br-rich (more I-rich) than the
parent phase, as indicated by the dashed blue line. When the light-induced
binodal is crossed by increasing x or decreasing T , a nearly I-pure phase is
nucleated, as indicated by dashed green line. The position where the com-
positional and light-induced binodals meet was suggested to be a triple point
where two different phases with different halide compositions could possibly
be generated from the parent phase [35], as indicated by the dots. In the 2D
PEA2Pb(I1−xBrx)4 only the light-induced binodal exists under the investigated
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Figure 5.3: Phase diagrams of 3D MAPb(I1−xBrx)3 and 2D PEA2Pb(I1−xBrx)4 at
different illumination intensities and photocarrier lifetimes. a-f Phase diagrams of
3D MAPb(I1−xBrx)3 and 2D PEA2Pb(I1−xBrx)4 perovskites for illumination intensities
I = 0.1, 1, 10 Sun, taking the photocarrier lifetime τ = 100 ns for both perovskites. g-
i Phase diagrams of PEA2Pb(I1−xBrx)4 at the same illumination conditions but with
the appropriate photocarrier lifetime τ = 1 ns. Red curves: spinodals separating the
metastable (grey) and unstable (pink) regions. Full blue and green curves: binodals
separating the stable (white) and metastable regions. The blue (green) full curves indi-
cate the compositional (light-induced) binodals. When the metastable region is entered
by crossing the compositional (light-induced) binodals, a phase with a Br concentration
indicated by the dashed blue (green) lines is nucleated. The dots indicate the possible
coexistence of three phases: the parent phase (black dots) and two types of nucleated
phases with different Br concentrations (blue and green dots).

illumination intensities for a photocarrier lifetime of 100 ns.
By comparing Figs. 5.3d-f to Figs. 5.3a-c we note that at 300 K the light-
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induced binodals of PEA2Pb(I1−xBrx)4 occur at a higher Br concentration x than
those of MAPb(I1−xBrx)3 when the photocarrier lifetime in both compounds is
taken equal. This suggests that PEA2Pb(I1−xBrx)4 is thermodynamically more
stable than MAPb(I1−xBrx)3 at room temperature at the same illumination in-
tensity. We attribute this increase of the photostability to the smaller band gap
difference between the parent and nucleated phase of PEA2Pb(I1−xBrx)4, which
leads to a smaller driving force for halide demixing. However, this effect can-
not explain the absence of halide segregation for x = 0.5 in PEA2Pb(I1−xBrx)4 at
room temperature and under 1 Sun illumination [56, 57]. With a photocarrier
lifetime τ= 100 ns our prediction shows that at 300 K mixed PEA2Pb(I0.5Br0.5)4

is metastable (grey region in Fig. 5.3e), so that halide demixing is expected to
occur under 1 Sun illumination.

Figures 5.3g-i show for PEA2Pb(I1−xBrx)4 results comparable to Figs. 5.3d-f,
but for the appropriate photocarrier lifetime τ= 1 ns, as determined experimen-
tally [129, 130]. The strong decrease in photocarrier lifetime when going from
a 3D to a 2D perovskite might be ascribed to excitonic effects [129] or a low
crystal quality with deep traps. The decrease in lifetime has almost no effect on
the spinodals, but the binodals show a strong shift to higher Br concentration x.
Like in 3D MAPb(I1−xBrx)3, a light-induced binodal and a triple point appear.
Because of the very low temperature at which the triple point appears, halide
diffusion will be strongly suppressed and therefore PEA2Pb(I1−xBrx)4 is not a
good candidate to study light-induced three-phase coexistence (see Chapter 4).

When the light-induced binodal is crossed, a metastable region is entered.
There should thus be a threshold for the halide demixing in x-T -I space [35].
When this threshold is exceeded, the mixed phase has a tendency to demix. The
threshold illumination intensity in PEA2Pb(I1−xBrx)4 for x = 0.5 and T = 300 K is
about 90 Sun, substantially higher than in MAPb(I1−xBrx)3 [35] (∼ 0.02 Sun).
The threshold Br concentration x in PEA2Pb(I1−xBrx)4 at 300 K under 1 Sun il-
lumination is about 0.7, a factor of about 2 larger than in MAPb(I1−xBrx)3 [35].
Because x = 0.5 is below this threshold Br concentration for halide demixing,
PEA2Pb(I1−xBrx)4 is predicted by our theory to be thermodynamically stable at
300 K under 1 Sun illumination, which is now in accordance with the experi-
mental observations [56, 57]. We note that these results are obtained by using
a thermodynamic theory where all input parameters are obtained from experi-
ments.
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5.3 Summary and Conclusions

In summary, using a unified thermodynamic theory we have studied a pos-
sible thermodynamic origin of the superior phase stability of the 2D n = 1
mixed halide perovskite PEA2Pb(I1−xBrx)4 as compared to its 3D counterpart
perovskite MAPb(I1−xBrx)3. We have found that PEA2Pb(I1−xBrx)4 is thermo-
dynamically more stable than MAPb(I1−xBrx)3, both in the dark and under il-
lumination. Several factors can explain this difference. The improved phase
stability of PEA2Pb(I1−xBrx)4 in the dark is explained by an energetically favor-
able I-Br distribution, where I and Br anions are preferably located on different
types of sites in the lattice. The smaller band gap difference of the mixed par-
ent phase and the nucleated low-band gap phase, related to a lower band gap
tunability, and a markedly shorter photocarrier lifetime are identified as the rea-
sons for the enhanced phase stability of PEA2Pb(I1−xBrx)4 under illumination.
These findings provide important insight into the suppressed halide segregation
in PEA2Pb(I1−xBrx)4. Such fundamental understanding is critical in the quest
for long-term stable mixed halide perovskites for use in solar cells.
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C.1 Crystal volumes calculated by DFT

Figure C.1 shows the calculated volumes per f.u. at each discrete Br concentra-
tion x = 0, 1/8, 1/4, 3/8, 1/2, 5/8, 3/4, 7/8, 1, for the most stable and unstable
configurations of PEA2Pb(I1−xBrx)4. The most unstable and most stable config-
urations for x = 0.5 are displayed in Fig. 5.1b in the main text. The replacement
of all the equatorial I anions of PEA2PbI4 by smaller Br anions creates the most
stable configuration for x = 0.5. The lattice constant in the equatorial plane is
then reduced by ∼ 3% due to the increased electrostatic potential energy aris-
ing from the higher electronegativity of Br anions as compared to I anions. As
expected, the lattice in the axial direction remains approximately unchanged,
with a ∼ 0.25% compression. This leads to a decrease of volume by ∼ 6% as
compared to the pure I configuration. By contrast, when all the axial I anions
of PEA2PbI4 are replaced by smaller Br anions, the most unstable configuration
for x = 0.5 is created. Both in the equatorial plane and in the axial direction
the lattice constant remains almost unchanged, with ∼ 0.5% compression. As a
result, the cell volume is compressed only by ∼ 1.5% in comparison to the pure
I configuration. The difference in the degree of volume contraction indicates
that the volume changes are more sensitive to the equatorial anions than to the
axial anions. This also holds for other compositions.
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Figure C.1: Calculated volumes per formula unit (f.u.) of PEA2Pb(I1−xBrx)4 for the
most stable (blue) and unstable (red) configurations as a function of x. The most stable
(unstable) configurations for each discrete Br concentration at x = 0, 1/8, 1/4, 3/8, 1/2,
5/8, 3/4, 7/8, and 1 are those with the maximum number of Br (I) anions present at the
equatorial (axial) sites of the inorganic layer.
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C.2 Compositional mixing enthalpy and free en-
ergy of MAPb(I1−xBrx)3

In Fig. C.2 we reproduce the compositional mixing enthalpy ∆U (x,T ) and free
energy ∆F (x,T ) calculated in Chapter 3, which enters Eq. (5.3). This mixing
free energy was calculated following the procedure outlined in Ref. [61], us-
ing density functional theory (DFT) with a thermodynamic analysis performed
within the generalized quasichemical approximation (QCA) [62].
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Figure C.2: a Mixing enthalpy per formula unit (f.u.) of MAPb(I1−xBrx)3 as a function
of Br concentration x. Circles: values calculated for each possible configuration. Curves:
results for the QCA at different temperatures. b Mixing free energy per f.u. as a function
of Br concentration at different temperatures.
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C.3 Band gaps

In Fig. C.3 we display the experimentally determined band gap as a function of
Br concentration x for PEA2Pb(I1−xBrx)4 [34] and MAPb(I1−xBrx)3 [29]. The
formulas of the band gaps for both compounds are accurately described by

Eg(x) = (1−x)Eg(x = 0)+xEg(x = 1)−bx(1−x), (C.1)

where Eg(x = 0) and Eg(x = 1) are the band gaps of the pure I and pure Br
perovskites, respectively, and b is the bowing parameter.
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Figure C.3: Band gap as a function of Br concentration x for PEA2Pb(I1−xBrx)4 and
MAPb(I1−xBrx)3.



Chapter 6
Kinetics of halide segregation
in mixed halide perovskites

In this chapter, we explore the kinetics of halide segregation. Using the experi-
mentally studied perovskite FA0.67MA0.33Pb(I0.67Br0.33)3 (FA: formamidinium and
MA: methylammonium) as an example, we investigate the light-induced nucle-
ation dynamics of a low-band gap phase from the mixed phase through the
kinetic Monte Carlo simulations. Our results reveal that the halide segregation
can be mitigated by reducing the defect density. We also calculate the migration
barriers of halide vacancies, which plays an important role in halide segregation,
in the two-dimensional (2D) PEA2PbI4 and PEA2PbBr4 (PEA: phenethylammo-
nium). We find similar migration barriers in the 2D and 3D perovskites. This
suggests that the suppressed halide segregation and improved phase stability of
PEA2Pb(I1−xBrx)4 in comparison to MAPb(I1−xBrx)3 cannot be explained by a
difference in migration barriers.

The results for the kinetic Monte Carlo simulations in this chapter are based on the publication:
Datta, K., van Gorkom, B. T., Chen, Z. et al. Effect of light-Induced halide segregation on the
performance of mixed-Halide perovskite solar cells. ACS Appl. Energy Mater. 4, 6650–6658 (2021).
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6.1 Kinetic Monte Carlo Simulations

6.1.1 Introduction

Metal halide perovskites containing bromide and iodide are uniquely suited as a
top-cell absorber in multijunction solar cells because of their widely tunable op-
tical band gap (about 1.5-2.3 eV) [108,109,131–134]. However, light-induced
segregation of iodide and bromide anions in mixed-halide perovskites impedes
their stability [42, 135]. This effect was first identified from a red shift of the
photoluminescence (PL) spectrum when mixed iodide–bromide perovskites con-
taining over about 20% bromide anions were illuminated [36], and results from
the formation of narrow-band-gap iodide-rich domains. X-ray diffraction (XRD)
showed simultaneously broadening of Bragg peaks and the development of ad-
ditional peaks at lower diffraction angles, confirming the formation of iodide-
rich perovskite domains. Likewise, a red shift of the absorption onset and an
increase in Urbach energy (EU) also denote the formation of iodide-rich do-
mains under light-induced stress [53,136].

As demonstrated in previous Chapters, the halide segregation into iodide-
and bromide-rich phases under illumination is a consequence of reduced free
energy when photogenerated charge carriers localize in low-energy iodide-rich
clusters [137], likely facilitated by the exchange of iodide and bromide an-
ions via defects, e.g., in the form of halide vacancies. The PL spectrum and
XRD pattern of the perovskite slowly recover upon storage in the dark because
entropy-driven remixing of halide anions restores the statistically mixed compo-
sition [36, 93]. Several strategies have been reported to suppress halide segre-
gation and improve solar cell stability [16,54,58,59]. Among them, the partial
substitution of organic cations by cesium cations has been reported to improve
the stability of a wide variety of perovskite systems [16, 134, 138]. The ben-
eficial effect is often attributed to a phase stabilization due to reduced lattice
strain upon incorporating cesium, leading to a higher formation energy of point
defects and thus a lower-defect concentration [22,139].

In this work, we model the light-induced halide segregation in an experi-
mentally studied perovskite FA0.67MA0.33Pb(I0.67Br0.33)3 (FA: formamidinium and
MA: methylammonium) using a stochastic method based on kinetic Monte Carlo
(kMC). The simulations show that the exchange of iodine and bromine facili-
tated by vacancies leads to the nucleation of an I-rich domain with an increase
of iodine and a decrease of bromine concentration. We also find that this pro-
cess can be accelerated by a higher vacancy concentration. This implies that the
halide segregation can be slowed down by decreasing the defect concentration,
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which can be achieved by improving the film quality.

6.1.2 Methods

To model the halide segregation in perovskite FA0.67MA0.33Pb(I0.67Br0.33)3, we
develop a kMC code based on a unique scheme proposed by Ruth et al [66].
In the kMC modeling, a simulation box of 1728 (12×12×12) formula units is
used. This yields 5184 halide sites, of which 67% are occupied by I and 33% are
occupied by Br. Some (0.5% or 1%) halide anions are removed to accommodate
halide vacancies. Prior to illumination, unbiased halide diffusion is simulated
to reach a stochastic distribution of halide anions. For each Pb atom as a cen-
ter, a sphere with a geometric volume ‘Vgap’ is defined to represent the possibly
formed iodide-rich domain, where under illumination photocarriers accumu-
late. The value of Vgap is set to 10% of the total volume of the system, which is
found to be sufficient to invoke halide segregation. The local bandgap (Eg,i ) is
calculated from the local halide composition in the volume Vgap around i th Pb
atom, using the formula Eg,i = 1.53(1−xi )+2.28xi –0.22xi (1−xi ) [eV], where xi is
the bromide concentration in the volume i . The band gap as a continuous func-
tion of Br concentration is derived from fits to the experimentally determined
band gaps at discrete Br concentrations (see Appendix D.2).

The total energy of the system, recorded for each simulation step, is ex-
pressed as

Etot = n
∑

i
wi Eg,i , (6.1)

where n is the total number of charge carriers in the whole system (set to 68
[66], i.e. 0.04 per formula unit if all carriers are accumulated in a sphere with
volume Vgap), and the Boltzmann weight wi for each local bandgap is given by

wi = e−Eg,i /kBT∑
i e−Eg,i /kBT

, (6.2)

where kB is the Boltzmann constant and T is the absolute temperature (set to
300 K). The nearest neighbors of each vacancy are identified for every simula-
tion step. For each step, the change in total energy (∆Etot) resulting from the
hop µ is calculated and the rate constant for the hop µ is calculated as

kµ = e−(∆Etot+Eb)/kBT , (6.3)

where Eb is the diffusion barrier. Here, we take Eb = 0.23 eV, which is obtained
from the experimental measurement in FA0.67MA0.33Pb(I0.67Br0.33)3 perovskite.
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Since the prefactor is difficult to calculated from DFT, we use an arbitrary time
unit in this work. To choose a hop to occur at each step, a uniform random
number r1 between 0 and 1 is drawn to satisfy the cumulative probability func-
tion as given in Eq. (2.40) in section 2.4. The associated probability of a hop µ

is then given by

pµ =
kµ∑M
µ=1 kµ

, (6.4)

where M is the number of possible hops at current step. The time for each hop
is advanced by

τ=− lnr2∑M
µ=1 kµ

. (6.5)

where r2 is a uniform random number between 0 and 1.
To obtain the distribution of halide anions and vacancies at a certain time,

we introduce the radial distribution function, gX(r ), with X denoting an iodide
(I) or bromide (Br) ion, or a vacancy (V), and r the radius. To calculate this
function, the location of the center Pb ion of an iodide-rich domain is identified
for each simulation step. The radial distribution function indicates the probabil-
ity of finding a species X at a distance r from the reference Pb ion and is given
by

gX(r ) = ∆nX∑
X=I,Br,V∆nX

, (6.6)

where ∆nX is the number of halide anions or vacancies in a shell with thickness
dr = 5 Å. Here, the length of cubic unit cell (one formula unit) is defined as
L, and dr is set between 0.5L and L. We note that the kinetic simulations do
not account for other defects (for example, interstitials) and focus on the most
studied halide vacancy defects.

6.1.3 Results and Discussion

The kMC simulations are used to study the dynamics and purity of nucleated
I-rich domain during halide segregation (Fig. 6.1). The essence of these simu-
lations is that the system can reduce the free energy by collecting photocarriers
into the small-band-gap iodide-rich regions, which leads to a driving force for
halide demixing [38]. Since I/Br mixed-halide perovskites have similarly lo-
cated conduction band minima [38, 96], it is the energy difference of valence
band maxima for different halide compositions that provides the driving force
for phase separation [35,38].
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Figure 6.1: Kinetic Monte Carlo simulation of light-induced halide segregation in
FA0.67MA0.33Pb(I0.67Br0.33)3(1–z) with a vacancy concentration (z) of 0.005. Snap-
shots show the iodide (red), bromide (blue), and vacancy (green) distributions in the
three-dimensional lattice a at the beginning, b after 100,000 kMC steps, and c after
150,000 kMC steps. The iodide-rich domain is highlighted in the center of the simulation
box. d-f Radial distribution functions of iodide, bromide, and vacancy that correspond to
the selected snapshots. The dashed line indicates the boundary between the iodide-rich
region and the mixed region. The gray region represents the highlighted domains in
panels a-c. Note that the radial distribution reflects the probability of finding a bromide
or iodide ion at a distance of r from the center. For estimating the number of anions at a
certain distance, one would need to multiply the radial distribution with 4πr 2.

The details of kMC simulations are described in the ‘Methods’ in the sec-
tion 6.1.2. In the simulations, a periodic cubic supercell of 1728 formula units
and a halide vacancy concentration (z) of 0.005 are used to model the evo-
lution of the positions of halide anions in the perovskite film. Such vacancy
defects are experimentally and theoretically confirmed as very shallow defects
that are closely under or above the conduction band minimum [140,141], with-
out significantly affecting the positions of valence band maximum. Figure 6.1
shows that in pristine films, nanoscale iodide-rich seeds are present due to the
stochastic distribution of iodide and bromide anions in pristine films. Within
the supercell, we identified a domain with a radius of 2 nm containing a substa-
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tistical concentration (about 29%) of bromide anions. Under illumination, an
inward diffusion of iodide anions and an outward diffusion of bromide anions
leads to a thermodynamically driven growth of this iodide-rich domain, where
the free energy of photocarriers is further reduced (Fig. 6.1a–c). As a result,
phase purity decreases with radial distance from this seed cluster (Fig. 6.1d–f).
The bromide concentration in the iodide-rich domain decreases to about 20%
after 100,000 KMC simulation steps. During the simulations, the center of the
iodide-rich domain shifts slightly. After 150,000 simulation steps, a pure-iodide
phase has not formed (Fig. 6.1f) and the bromide concentration in iodide-rich
domains is about 13%, corresponding to a band gap of 1.6 eV (see the ‘Methods’
for the compositional band gap formula). This corroborates well with spectro-
scopic observations that the low-energy emission is blue-shifted relative to the
emission energy of a pure-iodide perovskite [47].

With increased vacancy concentration (z = 0.01), the process of halide seg-
regation is accelerated, leading to a faster influx of iodide anions to replace
outgoing bromide anions in narrow-band-gap domains and a higher iodide con-
tent after the same number of simulation steps (Fig. D.1 in Appendix D.1). This
implies that improving the film quality by reducing the defect density can slow
down halide segregation. Additionally, recent work suggests that controlling the
photocarrier density of the continuous phase under a threshold value can avoid
phase segregation [35, 93]. Therefore, controlling the carrier density through
efficient extraction by selective transport layers can reduce the driving force for
the segregation of halides, thereby delaying the process [17,107,142].

At the higher vacancy density, the halide segregation described by the kMC
model converges to a nucleation of an almost pure-iodide phase with a terminal
stoichiometry of x = 0.02. The PL experiment, however, does not suggest that
a stoichiometry close to x = 0 is reached after prolonged illumination because
the PL maximum remains blue-shifted compared to that of the pure-iodide per-
ovskite [47]. Several ingredients not considered in the kMC model may account
for this difference. One is the empirical assumption of the critical size (10% of
the total volume of the system) of the iodide-rich domain in the simulations
(see the details of the kMC simulations in the ‘Methods’). Second, the interfa-
cial free energy present at the interface between the nucleated and the mixed
parent phase is not considered in the model. To form a nucleus of critical size,
the phase separation requires a crossing of the free energy barrier, where the
interfacial and bulk free energies balance each other. Finally, we note that in
a recent study a terminal value of x ≈ 0.1 was predicted after 9400 kMC simu-
lation steps for a MAPb(I0.5Br0.5)3(1–z) perovskite with a similar vacancy density
(z = 0.01) [66]. This suggests that a compositional dependence of the critical
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size of an iodide-rich domain may exist in mixed-halide perovskites.

6.2 Migration barriers of halide vacancy: a com-
parison of 3D and 2D perovskites

6.2.1 Introduction

The three-dimensional (3D) mixed halide perovskites that are thermodynam-
ically stable in the dark are vulnerable to continuous illumination due to the
light-induced halide segregation [28, 36, 38, 92]. Recently, two dimensional
(2D) Ruddlesden-Popper (RP) mixed halide perovskites have shown promise as
a potentially photostable alternative to 3D mixed halide perovskites; it has been
reported that the PEA-based perovskite n = 1 PEA2Pb(I0.5Br0.5)4 has negligible I-
Br segregation under one-Sun illumination at room temperature [56,57]. Here,
PEA stands for the large organic spacer molecule ‘phenethylammonium’, sep-
arating the slabs of conjoined lead halide octahedral sheets; n is the number
of lead halide octahedral sheets between the organic PEA layers. The number
n = 1 refers to a 2D phase with independent sheets of lead halide octahedra
separated by the organic spacer, n = 2 refers to a quasi-2D phase consisting of
two conjoined octahedral sheets in each slab, and so on [115,116].

In chapter 5, we have applied a thermodynamic theory to the 3D perovskites
MAPb(I1−xBrx)3 and the 2D n= 1 perovskites PEA2Pb(I1−xBrx)4 and compared
their phase stability in the presence of different illumination intensities. For
x = 0.5, the 3D compound is predicted to be metastable and tends to demix
under one-Sun illumination at room temperature while the 2D compound re-
mains thermodynamically stable. We find that the difference in photostability
in the two compounds is mainly attributed to two factors: one is the differ-
ence of band gap tunability and the other is the difference of the photocarrier
lifetime. While the experimental observation is well explained from the ther-
modynamic point of view, a kinetic origin of the improved phase stability in 2D
n = 1 PEA2Pb(I1−xBrx)4 in comparison to 3D MAPb(I1−xBrx)3 has not yet com-
putationally explored. Since the halide segregation is governed by the migra-
tion of halide anions, a key question is whether the migration barrier of halide
vacancies in the 2D compound is much higher than that in the 3D compound.

In this work, we calculate the migration barriers of halide vacancies in 3D
compounds MAPbI3 and MAPbBr3, and 2D compounds PEA2PbI4 and PEA2PbBr4,
using the climbing image nudged elastic band (CI-NEB) method [72,73] within



102 Kinetics of halide segregation in mixed halide perovskites

the density function theory (DFT). The difference of the migration barriers of
halide vacancies in the these compounds will be discussed.

6.2.2 Methods

To calculate the migration barrier of halide vacancy in 3D perovskites MAPbX3

and 2D perovskites PEA2PbX4 (X = I or Br), we use 2 × 2 × 2 tetragonal super-
cell (32 formula units) for the 3D perovskites and 2 × 2 × 1 triclinic supercell
for the 2D perovskites. The atomic structures of periodic unit cells are displayed
in Appendix D.3.

All the calculations are performed within the framework of DFT. We use
the projected augmented wave (PAW) method [97] and the Perdew-Burke-
Ernzerhof exchange-correlation functional (PBE) within the generalized gradi-
ent approximation (GGA) [79], as implemented in the Vienna ab-initio simula-
tion package (VASP) [98]. For the unit cells of 2D and 3D compounds, we use
the 6×6×2 and 6×6×4 k-point Brillouin zone samplings, respectively. For their
supercells considered, only the Γ point is used. A plane-wave cut-off energy of
500 eV is used for all calculations, and the energy and force convergence criteria
are set at 0.01 meV and 0.02 eV/Å, respectively. To account for the long-range
dispersive interactions, all calculations are performed with the DFT-D3 disper-
sion correction proposed by Grimme et al. [128, 143]. For the unit cell, the
atomic positions, the shape and volume are fully relaxed while for the supercell
only the atomic positions are relaxed. The calculated lattice parameters of unit
cells, in good agreement with experiment results, are given in Appendix D.4.
Transition state calculations are carried out using the CI-NEB method [72, 73].
Five intermediate geometries between the initial and final states are created to
do the transition state search.

6.2.3 Results and Discussion

Figure 6.2a shows the possible positions of the halide vacancies and their mi-
gration channels in 3D and 2D perovskites. The different orientations of C−N
bonds and the distortion of the lead halide octahedra in the perovskites can lead
to inequivalent positions for defects. For creating a X vacancy, we consider the
six X anions surrounding one Pb cation in an octahedron as inequivalent sites
(see Appendix D.3). After structural optimization, the results for the total en-
ergy difference of vacancy defects at different positions are given in Appendix
D.5. From these results, we find that the X vacancy shows a strong preference
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for the equatorial site in the 3D perovskite and a relatively weak preference for
the axial site in the 2D perovskite. We thus consider the following possible mi-
gration paths, including the equatorial-to-equatorial (e↔e), equatorial-to-axial
(e→a), and axial-to-equatorial (a→e) migrations of halide vacancy in both 3D
and 2D perovskites.

Figure 6.2: Halide vacancy migration in three-dimensional MA-based and two-
dimensional PEA-based n = 1 perovskites. a Schematic representation of 3D MAPbX3
and 2D PEA2PbX4 perovskite structures showing the different halide vacancy sites and
potential migration paths. Red spheres: I or Br. White spheres inside octahedra: Pb.
Cationic molecules in between octahedra: methylammonium (MA). Cationic molecules
on the top and bottom of the octahedra: phenylethylammonium (PEA). e: equatorial
site; a: axial site. b Energy barriers for halide vacancy migration in 3D and 2D per-
ovskites along equatorial-to-equatorial (e↔e), equatorial-to-axial (e→a) and axial-to-
equatorial (a→e) directions. Red-colored and blue-colored bars represent the migration
barriers of X = I and X = Br vacancy, respectively.

Figure 6.2b shows the the corresponding energy barriers along the different
migration paths in the 3D and 2D perovskites. Both e and a sites can be treated
as the initial or final state for the halide vacancy migration, leading to the for-
ward and reverse migrations. When the total energy difference between the
intial and final state is relatively small (≲ 0.05 eV), we take the average value
of the forward and its reverse barriers. We obtain three different migration bar-
riers for MAPbX3 and two for PEA2PbX4 perovskites. Despite such difference,
the energy barriers of the two perovskites are consistently similar: the high-
est (lowest) energy barrier in MAPbX3 is about 0.45 (0.25) eV, very similar to
the highest (lowest) energy barrier in PEA2PbX4. This indicates that the resis-
tance to light-induced halide segregation in the 2D PEA2Pb(I1−xBrx)4 and the
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enhanced phase stability in comparison to MAPb(I1−xBrx)3 can not be ascribed
to the difference in energy barriers.

We remark that our findings and analysis are based on the calculations
closely relying on specific static structures. The dynamical reorientation of C−N
bonds of the molecules and the instantaneous distortion of the lead halide oc-
tahedra at room temperature, which creates much more complex local envi-
ronments [144], may have a great impact on the migration behaviors (paths
and barriers) of halide vacancies in perovskites. To capture these during the
halide vacancy migration simulations, it demands temperature-dependent com-
putational techniques, i.e., ab initio molecular dynamics or force-field-based
molecular dynamics.



Appendix D
Kinetics of halide segregation
in mixed halide perovskites
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D.1 Results for a different vacancy concentration

Figure D.1 shows the results for light-induced halide segregation in the per-
ovskite FA0.67MA0.33Pb(I0.67Br0.33)3(1–z) with a vacancy concentration (z) of 0.01.
These results should be compared to Fig. 6.1 for the system with a vacancy con-
centration of 0.005.

initial 100,000 steps 150,000 steps
a b c

d e f

Figure D.1: Kinetic Monte Carlo simulation of light-induced halide segregation in
FA0.67MA0.33Pb(I0.67Br0.33)3(1–z) with a vacancy concentration (z) of 0.01. Snapshots
show the iodide (red), bromide (blue), and vacancy (green) distributions in the three-
dimensional lattice a at the beginning, b after 100,000 kMC steps, and c after 150,000
kMC steps. The iodide-rich domain is highlighted in the center of the simulation box.
d-f Radial distribution functions of iodide, bromide, and vacancy that correspond to
the selected snapshots. The dashed line indicates the boundary between the iodide-rich
region and the mixed region. The gray region represents the highlighted domains in
panels a-c. Note that the radial distribution reflects the probability of finding a bromide
or iodide ion at a distance of r from the center. For estimating the number of anions at a
certain distance, one would need to multiply the radial distribution with 4πr 2.
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D.2 Band gaps of FA0.67MA0.33Pb(I1−xBrx)3

Figure D.2 shows the experimentally determined band gaps at discrete Br con-
centrations and the corresponding polynomial fit to these band gaps using the
formula Eg(x) = (1− x)Eg(APbI3)+ xEg(APbBr3)− bx(1− x). Here, ‘A’ stands for
FA0.67MA0.33 and b is the bowing parameter. The band gap as continuous func-
tion of relative Br concentration is obtained as Eg(x) = 1.53(1−x)+2.28x–0.22x(1−
x) [eV].
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Figure D.2: Band gaps of FA0.67MA0.33Pb(I1−xBrx)3. The blue squares indicate the
experimentally obtained band gaps at discrete Br concentrations. The red line indicate
the fit to these band gaps.

The band gaps are provided by our experimental collaborators.
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D.3 Atomic structures of 3D and 2D perovskites

Figure D.3 shows the atomic structures of periodic unit cells of tetragonal MAPbX3

and triclinic PEA2PbX4 (X = I or Br). Depending on the local environments, the
six X anions surrounding one Pb cation in an octahedron are labelled as posi-
tions 1, 2, ..., and 6. Creating a halide vacancy at each of the six positions yields
a spread of total energies. The total energy differences of these structures are
given in Table D.2.

Figure D.3: Atomic structures of periodic unit cells of tetragonal MAPbX3 and tri-
clinic PEA2PbX4 (X = I or Br). Purple spheres: I or Br. Black spheres inside octahedra:
Pb. Cationic molecules in between octahedra: methylammonium (MA). Organic bilay-
ers intercalating along the c-axis: phenylethylammonium (PEA). Due to the different
orientations of C−N bonds and the distortion of the Pb-X octahedra, the six X anions sur-
rounding one Pb cation in an octahedron are labelled as positions 1, 2, ..., and 6. After
creating a positively charged halide vacancy at each of the six positions, the total energy
differences are given in Table D.2.
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D.4 Lattice constants of 3D and 2D perovskites

Table D.1 shows the DFT-optimized lattice constants and angles of the unit cells
of 3D and 2D perovskites and compares them to the experimental results. For
the DFT optimizations, the atomic positions, as well as the shape and volume of
the cell are fully relaxed.

Table D.1: DFT-optimized and experimental lattice parameters and angles of the unit
cells of 3D and 2D perovskites.

DFT

Perovskite Lattice parameter (Å) Angle (°)
a b c α β γ

PEA2PbI4 8.61 8.61 32.43 85.85 85.90 89.28
PEA2PbBr4 8.20 8.18 32.76 86.06 86.15 89.33
MAPbI3 8.71 8.71 12.89 89.82 89.79 89.91
MAPbBr3 8.25 8.25 12.13 89.52 89.51 89.95

Exp.
PEA2PbI4

[113]
8.74 8.74 33.00 84.65 84.66 89.64

MAPbI3 [145] 8.86 8.86 12.66 90 90 90
MAPbBr3

[145]
8.32 8.32 11.83 90 90 90
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D.5 Relative total energies of defective structures

Table D.2 shows the relative total energies of the defective structures with the
vacancy at different positions as indicated in Fig. D.3. For the climbing image
nudged elastic band (CI-NEB) energy barrier calculation of the e↔e migration,
the two configurations with lower energies in structures 1− 4 are selected as
the initial and final states. To calculate the e→a or a→e migration barrier, the
configuration with lowest energy in structures 1−4 and the configuration with
lower energy in structures 5 and 6 are selected as the initial and final states.

Table D.2: Relative total energies of defective structures, obtained with different start-
ing configurations (see Appendix D.3). The energies shown are with respect to the to-
tal energy of the defective configuration with a vacancy at position ‘1’ as indicated in
Fig. D.3.

MAPbI3 MAPbBr3

Position Relative
energy
(eV)

Average
(eV)

Position Relative
energy
(eV)

Average
(eV)

1 0

-0.041

1 0

-0.046
2 -0.043 2 -0.045
3 -0.090 3 -0.104
4 -0.032 4 -0.034
5 0.097

0.092
5 0.070

0.063
6 0.088 6 0.056

PEA2PbI4 PEA2PbBr4

Position Relative
energy
(eV)

Average
(eV)

Position Relative
energy
(eV)

Average
(eV)

1 0

-0.025

1 0

-0.021
2 -0.052 2 -0.046
3 -0.005 3 0.009
4 -0.044 4 -0.049
5 -0.084

-0.072
5 -0.126

-0.129
6 -0.061 6 -0.132



Chapter 7
Conclusions and Outlook

Photovoltaics, which directly converts solar energy into electrical power, pro-
vides a practical and sustainable solution to the challenge of meeting the ever-
increasing global energy demand. In recent years, metal-halide perovskite so-
lar cells have become commercially attractive as new-generation photovoltaics
that can rival existing mature photovoltaics technologies. The instability of per-
ovskite solar cells is still an issue that hinders their large-scale application and
commercialization. This dissertation contributes to a thorough understanding
of the phenomenon of halide segregation, a very serious instability problem
in mixed halide perovskites that can serve as the light-harvesting absorber in
tandem or multijunction solar cells.

The study began by presenting a unified thermodynamic theory for the light-
induced halide segregation in a variety of 3D mixed I-Br perovskites, includ-
ing MAPb(I1−xBrx)3, FAPb(I1−xBrx)3, CsPb(I1−xBrx)3, as well as the partial Cs
compounds MA7/8Cs1/8Pb-(I1−xBrx)3, and FA7/8Cs1/8Pb(I1−xBrx)3 (MA: methy-
lammonium and FA: formamidinium). This theory is based on a minimization
of the sum of a compositional free energy, obtained from binary alloying the-
ory, and a photocarrier free energy, where photocarriers funnel into a nucleated
phase that is more I-rich and has a lower band gap than the mixed parent phase.
By applying the theory to these five perovskites we investigated their phase sta-
bility via the construction of composition-temperature (x-T ) phase diagrams
both in the dark and under different illumination intensities. We found that all
five perovskites in the dark are thermodynamically stable at room temperature,
with critical temperatures for intrinsic halide segregation below room temper-
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ature. For these perovskites under illumination, we found that the spinodals
that separate the unstable and metastable regions in the x-T phase space only
slightly change compared to those in the dark. In addition to compositional
binodals that are also present in the dark, light-induced binodals that sepa-
rate the metastable and stable regions appear, which signal the nucleation of a
low-band gap nearly I-pure phase. We also predicted the existence of an illumi-
nation intensity threshold for halide segregation, showing a strong dependence
on temperature and composition. Our analysis revealed that the threshold illu-
mination intensity is governed by the band gap difference between the parent
mixed and the nucleated nearly I-pure phase. Reducing this band gap difference
by partially alloying organic cations with cesium accounts for the improved pho-
tostability in partial Cs mixed halide perovskites.

The compositional binodal signals a two-phase coexistence of a Br-rich and
an I-rich phase while the light-induced binodal signals nucleation of a nearly I-
pure phase out of the mixed parent phase. The interplay of the two effects leads
to the occurrence of a triple point in x-T space at a given illumination intensity.
By considering the possible presence of three phases in 3D mixed halide per-
ovskites, we predicted the light-induced coexistence of a Br-rich phase, an I-rich
phase, and a nearly I-pure phase for the prototype perovskite MAPb(I1−xBrx)3

using a thermodynamic theory that has enabled the consideration of three-
phase coexistence. We found that such three-phase coexistence occurs in a
region in x-T space that is close to the critical point of intrinsic demixing in
the dark. When crossing this region by increasing or decreasing the tempera-
ture or illumination intensity, which is what would happen in an experimental
investigation, a hysteresis is found in the evolution of the three-phase coexis-
tence, characterized by different volume fractions, compositions, and photocar-
rier fractions. These results reveal that the nearly I-pure phase can be present
either in both the I-rich and Br-rich phases or only in the I-rich phase. We pro-
pose that this fundamentally novel type of three-phase coexistence in 3D mixed
halide perovskites can be verified by a combination of absorption and photolu-
minescence experiments.

Our thermodynamic theory is flexible and transferable. By applying it to
the 2D mixed halide perovskite PEA2Pb(I1−xBrx)4 (PEA: phenethylammonium),
we found superior phase stability for this compound both in the dark and
under illumination, as compared to the 3D perovskite MAPb(I1−xBrx)3. In
the dark, PEA2Pb(I1−xBrx)4 shows a much lower critical temperature for in-
trinsic halide segregation than MAPb(I1−xBrx)3. We attributed this improved
phase stability to the existence of an energetically preferred I-Br distribution
in PEA2Pb(I1−xBrx)4. We determined a threshold illumination intensity for
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halide demixing at T = 300 K of about 90 Sun for PEA2Pb(I0.5Br0.5)4, remark-
ably higher than the threshold of about 0.02 Sun for MAPb(I0.5Br0.5)3, and a
threshold Br concentration for halide demixing under 1 Sun illumination of
about 0.7 for PEA2Pb(I1−xBrx)4, which is a factor of about 2 larger than that for
MAPb(I1−xBrx)3. This is in accordance with the experimental finding that negli-
gible I-Br segregation is observed in PEA2Pb(I0.5Br0.5)4 at room temperature and
under 1 Sun illumination. On the basis of these results, our further analysis re-
vealed that the enhanced phase stability under illumination is mainly due to the
fact that the PEA2Pb(I1−xBrx)4 has a smaller band gap tunability, corresponding
to a smaller driving force for halide demxing, and a markedly shorter photocar-
rier lifetime as compared to MAPb(I1−xBrx)3. We also found an indication of
three-phase coexistence for PEA2Pb(I1−xBrx)4 close to the critical point in the x-
T phase diagram. However, the critical point appears at a very low temperature,
where halide diffusion is significantly slowed down, so that PEA2Pb(I1−xBrx)4

might not be a good candidate to study light-induced three-phase coexistence.
The modeling of kinetics provides an atomistic insight into the dynamical

behavior of halide segregation. Using a stochastic approach based on the ki-
netic Monte Carlo algorithm, we investigated the dynamics of nucleation of a
low-band gap phase from the mixed parent phase under illumination through
vacancy-mediated exchange of I and Br in an experimentally studied 3D mixed
I-Br perovskite, FA0.67MA0.33Pb(I0.67Br0.33)3. We found that the halide segrega-
tion can be slowed down by reducing the defect density, suggesting that pho-
toinstability of mixed halide perovskite can be mitigated by improving the film
quality in experiments. The energetic barrier for halide vacancy diffusion also
plays an important role in halide segregation. We calculated the energy barriers
in PEA2PbI4 and PEA2PbBr4 from density functional theory and compared them
to those in the 3D counterparts MAPbI3 and MAPbBr3. We found similar energy
barriers in the 2D and 3D perovskites, suggesting that a difference in energy
barrier is not the reason for the suppressed halide segregation and enhanced
phase stability of PEA2Pb(I1−xBrx)4 than MAPb(I1−xBrx)3.

Despite the progress made in this dissertation, several improvements are
possible in further research, including the models, theories, and computational
techniques. In our thermodynamic theory, no adjustable parameters are used.
First of all, the theory can be refined by including effects that were up till now
ignored. For example, the halide segregation will lead to different defect con-
centrations in the different phases, giving rise to different photocarrier lifetimes
and thus different monomolecular recombination rates in the different phases,
which are presently assumed to be phase-independent. In addition, the thermal
redistribution of photocarriers due to the funneling of photocarriers into a low-
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energy I-rich phase may also yield different bimolecular recombination rates in
the different phases. It will be of interest to study the effect of phase-dependent
monomolecular and bimolecular recombination rates on the threshold illumi-
nation intensity in both 3D and 2D mixed halide perovskites. A second effect is
the non-uniformity of the photocarrier distribution, which is presently ignored.
Accounting for this effect requires information about the diffusion lengths of the
photocarriers as compared to the sizes and shapes of the domains.

According to classical nucleation theory [146, 147], the surface free energy
due to the presence of an interface between the nucleated and parent mixed
phase inhibits phase segregation by creating a nucleation barrier. Adding the
surface free energy to the bulk free energy as obtained in this dissertation yields
the total free energy that will allow determining the size of a critical nucleus.
This critical size is also a key parameter in the kMC simulations, where we
presently use an arbitrarily empirical local volume ‘Vgap’ as the volume of the
possibly nucleated domain. By considering the sum of the bulk and surface free
energy, as well as a reasonable critical domain size in follow-up kMC simula-
tions, the induction time for the formation of the I-rich phase could be calcu-
lated. The induction time is a measure of the metastability limit in the formation
of a new phase out of the parent phase, below which the parent phase can stay
long enough in a metastable state [148]. Changing the parameters such as the
composition, temperature, and illumination intensity, in the kMC simulations
to tune the induction time of the nucleation can stimulate further experimental
investigations.

Our halide vacancy hopping barriers for both 3D and 2D compounds were
obtained from DFT calculations using static ground-state structures, where the
complexity of changes in the local environments along the hopping path has
been considerably simplified. It would be of importance to consider the effect
of temperature that triggers the rotational and vibrational dynamics, as well as
the instantaneous octahedral distortions when determining the hopping barri-
ers. Ab initio molecular dynamics or force-field-based molecular dynamics are
possible techniques to take these effects into account and to obtain more accu-
rate barriers.
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Summary

Thermodynamics and kinetics of halide segregation in
perovskite solar cells under operation

Perovskite solar cells have become commercially attractive as emerging pho-
tovoltaics over the past decade due to their extraordinary optoelectronic proper-
ties and low production costs. The light-harvesting absorbers of perovskite solar
cells are three-dimensional (3D) metal-halide perovskites as well as their two-
dimensional (2D) counterparts. The light absorption and emission properties
of these perovskites have been extensively explored. One of the distinguishing
features of metal-halide perovskites is the band gap tunability, which can be
achieved by compositional alloying at different lattice positions. Mixed halide
perovskites obtained by halide alloying have become especially appealing for
providing optimal band gaps and are applied in tandem solar cells. However,
the very sunlight that generates the electrical power also destabilizes these per-
ovskites by inducing detrimental phase segregation into domains with different
halide compositions and thus different band gaps. This seriously hinders the ap-
plication of mixed halide perovskites. Despite intensive research on this topic,
a comprehensive understanding of the mechanisms behind light-induced halide
segregation is still lacking. In this dissertation, we present modeling of the
thermodynamics and kinetics of halide segregation in 3D and 2D mixed halide
perovskites using computational techniques based on density functional theory
(DFT) and kinetic Monte Carlo (kMC). Our modeling provides a new viewing
angle on halide segregation in perovskite solar cells under operation that may
help to prevent or mitigate its detrimental effects.

After a general introduction in Chapter 1 and an introduction of the used
computational methods in Chapter 2, we start in Chapter 3 with presenting a
unified thermodynamic theory for the light-induced halide segregation in a se-
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quence of 3D mixed I-Br perovskites, including MAPb(I1−xBrx)3, FAPb(I1−xBrx)3,
CsPb(I1−xBrx)3, MA7/8Cs1/8Pb-(I1−xBrx)3, and FA7/8Cs1/8Pb(I1−xBrx)3 (MA: met-
hylammonium and FA: formamidinium). This theory is based on a minimization
of the sum of a compositional and photocarrier free energy, where photocarriers
funnel into a nucleated phase that is more I-rich and has a lower band gap than
the mixed parent phase. In an application of the theory we study the phase sta-
bility of these five perovskites by constructing composition-temperature (x-T )
phase diagrams both in the dark and under different illumination intensities.
We find that all studied perovskites in the dark are thermodynamically stable
at room temperature, with critical temperatures for halide segregation below
room temperature. Under illumination, the spinodals in the phase diagrams,
which separate the unstable and metastable regions, only slightly change. At
the same time light-induced binodals appear, separating the metastable and sta-
ble regions, which signal the nucleation of a low-band gap nearly I-pure phase.
Further analysis reveals that the threshold illumination intensity for halide seg-
regation is governed by the band gap difference of the parent and the nucleated
nearly I-pure phase. Partial substitution of organic cations with cesium reduces
this band gap difference and therefore has a stabilizing effect.

In Chapter 4, we show that our thermodynamic theory predicts for the pro-
totype perovskite MAPb(I1−xBrx)3 the possibility of light-induced coexistence of
a Br-rich phase, an I-rich phase, and a nearly I-pure phase. This new type of
three-phase coexistence, which is fundamentally different from the well-known
gas-liquid-solid coexistence, should occur in an x-T region close to the critical
point of the phase diagram in the dark. We suggest verification of this unique
phenomenon in 3D mixed halide perovskite by a combination of absorption and
photoluminescence experiments.

In Chapter 5, we use our thermodynamic theory to study the phase stabil-
ity of the 2D mixed halide perovskite PEA2Pb(I1−xBrx)4 (PEA: phenethylammo-
nium). In contrast to the 3D perovskite MAPb(I1−xBrx)3, PEA2Pb(I1−xBrx)4 ex-
hibits superior phase stability both in the dark and under illumination. We find
that this improved phase stability, with a much lower critical temperature for
halide segregation in the dark than 3D MAPb(I1−xBrx)3, is closely related to the
existence of a preferred I-Br distribution, while a smaller band gap difference
and a markedly shorter photocarrier lifetime are responsible for the enhanced
phase stability under illumination.

In Chapter 6, we extend our investigation to include, next to the thermo-
dynamics, also the kinetics of halide segregation. This kinetics is governed by
the diffusion of halide ions, which can be described by kMC simulations. For
the perovskite FA0.67MA0.33Pb(I0.67Br0.33)3, studied by experimental colleagues,
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such simulations provide atomistic insight into the nucleation dynamics of a
low-band gap phase under illumination via halide-vacancy-mediated I-Br ex-
change. Our results reveal that the halide segregation can be slowed down by
reducing the defect density through improving the film quality. To gain insight
into the kinetics of halide segregation in the 2D perovskite PEA2Pb(I1−xBrx)4,
we calculate by DFT the migration, or hopping, barriers of halide vacancies in
the pure phases PEA2PbI4 and PEA2PbBr4, and compare them to those in the
3D counterparts MAPbI3 and MAPbBr3. We find similar migration barriers in
the 2D and 3D perovskites, suggesting that a difference in migration barriers
is not the reason for the slowed-down halide segregation and improved phase
stability of 2D PEA2Pb(I1−xBrx)4 perovskite as compared to 3D MAPb(I1−xBrx)3

perovskite.
Finally, in Chapter 7, we discuss the main results presented in this thesis and

provide an outlook.
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