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Light-Induced Frenkel Defect Pair Formation Can Lead to
Phase-Segregation of Otherwise Miscible Halide Perovskite

Alloys

Fernando P. Sabino,* Gustavo M. Dalpian, and Alex Zunger*

Alloys of ABX; halide perovskites (HP) exhibit unique phase behavior
compared to traditional 111-V and II-VI semiconductor alloys used in solar
cells. While the latter typically have good mutual miscibility when their mixed
components are size matched, and phase-segregate when size mismatched,
HP alloys show good miscibility in the dark but can phase-segregate under
light. Quantum mechanical calculations described herein reveal light-induced
defect formation and migration hold the key. Specifically, the interaction
between a halogen vacancy Vy with halogen interstitial X; forming together a
Frenkel-pair defect emerges as the enabler for phase-segregation in HP alloys.
At a threshold bromine composition in the Br-1 alloys, the photogenerated
holes in the valence band localize, creating thereby a doubly-charged iodine
Frenkel-pair (V, + 1)>*. Faster migration of iodine over bromine interstitial
into the vacant iodine V, site leads to the formation of iodine-rich and
iodine-depleted regions, establishing phase-segregation. Removal of the
mobile defects-the agent of segregation-by dark thermal annealing, supplies
the opposing force, leading to reversal of phase-segregation. This atomistic
understanding can enable some control of the phase-segregation by selecting
substituting elements on the B site-such as replacing some Pb by Sn—that are

yet as being optimal for such applica-
tions. Consequently, alloying two or more
individual ABX; halide perovskite com-
ponents has been generally imposed by
the need to tune the band gap values into
a desired spectral range for either a single
junction or tandem solar cells.>! Tt is
well known that alloying of tetrahedrally
bonded covalent semiconductors such
as different III-V’s or different II-VI's
generally leads to mutual miscibility if
the atomic sizes tend to be sufficiently
size-matched, and to phase-separate
below a given miscibility temperature
if their atomic sizes are sufficiently
mismatched.” ! However, alloys of
HP components behave differently. For
example, while alloying two HPs with
different halogen ions X and X’ can
lead to their complete miscibility in the
dark, Hoke et al.'%] demonstrated that
MAPD(Br,I,_,), alloys (where MA stands

unable to form stable Frenkel defects.

1. Introduction

Halide perovskites (HP) AOBMIX, V1) where A is a monovalent
cation, B is a divalent group IVA metalloid and X is a halogen an-
ion rose to public awareness due to their unprecedented efficacy
in photovoltaic (PV) solar cells.'*] Even though different choices
of the {A, B, X} species occupying the respective lattice sites of
the perovskite lattice can lead to a significant range in the semi-
conducting band gap energy, no single perovskite has emerged
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for methylammonium) phase-segregate
into their end-point parent compounds
MAPDI, and MAPbLBr; under brief
light exposure. This phase segregation
process is reversible under annealing,[' and has been observed
since then in many other iodine-bromide perovskite alloys for
different A-cations, whether organic (such as MAPb(Br,I,_,)s,
FAPD(Br,1,_,);) or inorganic [CsPb(Br,I,_,);].l**12] While it orig-
inally appeared that this light induced phase separation of other-
wise miscible components is specific to HP with organic A molec-
ular cations, recent experimental studies indicated that even the
inorganic Cs-based HPs, e.g., CsPbBrl, manifest such an effect
under a long light exposure.['?] As can be readily imagined, such
light-induced compositional phase-separation is an unwanted re-
sponse for photovoltaic devices aimed at operating under (sun)
light. Partial mitigation of this effect has been empirically demon-
strated by limiting the percentage of Br in the alloy, or by simul-
taneous alloying the A-site by Cs and organic molecules,'?! or by
co-alloying the B site by Sn and Pb.["*! Yet, these solutions leave
the underlying question unanswered: what is the physical source
of miscibility in the dark and segregation under the light in HP
mixed anion alloys, a phenomenon which stands out relative to
alloys of more conventional tetrahedral semiconductors?
Attempts to understand the light induced phase separa-
tion of otherwise miscible HP components included a few
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Figure 1. (a) Electronic energy level scheme in valence and conduction bands and orbital density (yellow isosurfaces) depiction of delocalized holes at
the valence band maximum (left hand side), and hole localized with the Frenkel pair orbitals located in resonance at the conduction band (right hand
side). The purple atoms represent |, the gray Pb, green Br, and Blue Cs. (b) Formation energy of “associated” Frenkel pair (blue) and “dissociated”
components (red) with different alloy background Br compositions x. The values are calculated according to the equations in Technical Details for the
iodine interstitial plus iodine vacancy, forming the iodine Frenkel pair (FP). The formation energy of an associated FP (Blue line) shows that it is favorable
(has negative energy) in the intermediate Br compositions (green shaded background) but is unfavorable in the low or high Br compositions. The red
line shows the energy of dissociated FP, that is when its two components [V, '*+1,'*] are separated.

views. Thermodynamic models: Walsh et al.'* pointed out that
the temperature-composition phase diagram of MAPDb(I,_,Br,),
should exhibit spinodal decomposition below T~300K and for 0.3
< x < 0.6. However, this does not explain the segregation under
light and remixing under dark. Kuno et al.'>!¢] measured the ac-
tivation energy for phase segregation and remixing in the dark
of MAPD(Br,I,_,),, indicating that light makes the phase segre-
gation thermodynamically favorable. Role of intrinsic defects: Pho-
toinduced ‘large polarons’ in highly ionic compounds can induce
strain in the lattice and increase the Gibbs free energy, leading to
ions migration and promoting phase segregation.l'”18] Another
approach includes addressing the halogen vacancies and halogen
interstitial path for atoms diffusion.[-2? Light can activate halo-
gen diffusion, where the diffusion ratio is different for I and Br;
this can result in selective sample domains that are either rich
or depleted of I, leading to alloy segregation.-?2] Recent experi-
mental studies by Kamat et al. demonstrate that self-degradation
is associated with diffusion.['"1923] When MAPDI, < Br, s is in con-
tact with an electrolyte and under charge injection, it is possible
to observe an increase in the concentration of I;_ ions in the elec-
trolyte supporting the fact that there is iodine expulsion from the
alloy.l'”] Moreover, they demonstrate that the main cause of phase
segregation is the holes excess and not the electrons. The holes
can be introduced in the HPs by light or electrochemically while
the electrons are removed by a contact with a Fermi level lower
than the alloy conduction band. Kamat et al. have explained the
segregation through a mechanism that starts from holes captur-
ing in the iodine interstitial sites.'”] However, first-principles cal-
culations demonstrate that the halogens interstitials tend to be
in the positive charge state when the Fermi level lies close to the
valence band,?*l and therefore could not be the source of holes
(induced by light) capture during the phase segregation.
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In the present paper, DFT calculations were done in the alloy
supercells to unravel an explanation for the phase segregation in
Br-I alloys of halide perovskites; rather than assume pre-existing
holes bearing defects before illumination, here photoexcitation
creates the relevant complex defect. The hole rich conditions ob-
served in the recent experimental results were considered in our
analysis.[?’]

Frenkel defects are created under light illumination: initially,
the Fermi energy is shifted in an Iodine-Bromine alloy
CsPb(I,_,Br,);, to create valence band holes. We then inspect the
DFT orbital densities after atomic relaxation to see if these holes
are conventionally delocalized (i.e., hydrogenic shallow acceptor),
or prefer to lower the energy by localizing the holes in specific
locations. An example is the iodine Frenkel pair (FP) made of
iodine interstitial and iodine vacancy close to each other, indi-
cated in the schematic Figure 1a. The Frenkel pair, and other
complex defects were recently discussed in the energy level di-
agram to describe the mixed electronic and ionic conductivity in
halide perovskites.!?]

Figure 1b shows the formation energy of an associated FP (as-
sociated means that halogen vacancy is closer to the halogen in-
terstitial), in blue line, is favorable (negative energy) for interme-
diate Br compositions, i.e., two holes at valence band maximum
(VBM) localize and create an iodine Frenkel pair. For the same
range of Br compositions, the dissociated iodine FP (dissociated
means that the halogen vacancy is treated without interaction
with halogen interstitial) formation energy red line in (Figure 1b)
is lower in energy (more stable) than the associated FP, indicat-
ing that, in case the iodine Frenkel pair forms, it tends to sepa-
rate into iodine interstitial and iodine vacancy. Due to the larger
mobility of I ions relative to Br,"2?] the I ions will migrate and
form I-rich and Br-rich regions. As Figure 1b shows, when the Br
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Figure 2. (a) Charge density isosurface for the state that corresponds to the Frenkel pair (V,+1;) in the 2+ charge state in CsPbl;. (b) Formation energy
as a function of Fermi energy for Frenkel pair (V,+1;), vacancy of | (V,), and iodine interstitial (I;). The green line indicates the position of the equilibrium
Fermi level for | rich condition. The black arrow indicates the formation energy of Frenkel pair when the Fermi level is closer to the valence band.

concentration is outside the shaded green area, the formation
energy, the formation energy of the FP becomes positive, mean-
ing the hole at the VB does not tend to spontaneously localize in
forming a FP. At this point, the segregation process stops.

In the absence of illumination, the Frenkel pair is unlikely to
form because of its high formation energy when the Fermi level is
away from the valence band, so phase segregation cannot occur.
The remixing alloy process occurs under dark and with high tem-
perature annealing, which promotes the halogen migrations, and
the previous photoinduced halogen interstitial cancels the previ-
ous photoinduced halogen vacancy, returning to the similar alloy
mixed configuration.

This process of light-induced formation of dissociated iodine
Frenkel pairs in the intermediate alloy composition range and
the I migration through the lattice leads to I vs Br phase sepa-
ration. In the low and high Br alloy composition or in the dark
the Iodine FP does not form so the phase segregation does not
occur. We further find in the calculation that FP does not form in
halide perovskites with Sn at the B site, even in the hole rich con-
dition. Consequently, Sn-rich conditions will avoid segregation,
in agreement with the experimental results.

1.1. Computational Methodology

The first-principles calculations are based on the density func-
tional theory as implemented in the Vienna ab-initio simulation
package (VASP).267] Structural relaxation is performed by us-
ing a semi-local generalized gradient approximation (PBESol).!%]
The electronic structure and all the defects’ properties were car-
ried out with the hybrid Heyd-Scuseria-Ernzerhof (HSE)!2%30]
with the addition of spin-orbital coupling. For the HSE func-
tional, we used 43% of exact exchange, which is necessary to cor-
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rect the band gap of all systems calculated here. More technical
details of computational parameters are described in the Techni-
cal Details section.

The ground state structure (low temperature) for CsPbl, and
CsPDbBr; is the orthorhombic Pbmn. However, in our analysis,
we considered only the cubic perovskite structure because this
crystal structure is important for solar cell applications closer to
room temperature. To simulate the cubic structure of halide per-
ovskites we need to use polymorphous configurations.*!! In a

supercell that corresponds to 2\/5)(2 \/5)(4 repetitions of Pm-3m
cubic perovskites, containing 32 ABX, formula units (160 atoms),
we apply a nudge operator in a random direction in all the atoms
and let then relax through DFT calculations. The relaxed struc-
ture is composed of octahedral rotation, however, in space aver-
age, the cubic Pm-3m is maintained. All defects and electronic
properties were computed in this polymorphous structure.

2. Results

The Frenkel pair is composed of the combination of one halogen
interstitial with a first neighbor halogen vacancy, both related to
the same chemical specie. The wavefunction squared of the io-
dine Frenkel pair defect is shown in Figure 2a. Our explanation
of the main effects of phase segregation is based on the formation
of this Frenkel defect, and consists of three different processes:
Delocalized holes or holes localized inside a FP: In the first stage
it is described the competition between (i) photogenerated holes
delocalized in the valence band and (ii) the localization of holes
in the form of a Frenkel pair defect. Here, case (i) is obtained by
shifting the Fermi level without atomic relaxation, whereas (ii)
might occur after atomic relaxation. This stage reveals that in cer-
tain alloy compositions the delocalized holes will transform into
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localized Frenkel pair as shown in Figure 1a. The significance of
being localized on specific atoms is that it distinguishes migra-
tion that carries iodine to certain locations, but not Br. At low and
high Br concentrations (CsPb(I,_,Br,); with < 0.22 and x > 0.66)
the localized FP no longer exists and is replaced by delocalized
holes; these have no atomic signature and thus are not agents of
atomically-resolved phase separation.

Dependence of FP stability on the atoms: Br or I. In the sec-
ond stage, we discuss the relative stability of Frenkel pair de-
fects, where we show the condition to form the FP defect with
respect to the local chemical environment and its charge states.
We, therefore, tried different sites where the defects were created
into the supercell, and investigate the most stable ones to form
the Frenkel-pair.

Associated Frenkel pair or dissociated Frenkel pair: The Frenkel
pair with associated components can dissociate into halogen va-
cancies and halogen interstitial which will culminate in the phase
segregation and the formation of I and Br-rich regions.

All these stages will be discussed firstly for the parent com-
pounds, i.e., CsPbl; and CsPbBr; (section 3.1); and afterward
for the alloy CsPb(I,_,Br,); (section 3.2) in different x concen-
trations.

2.1. Frenkel Pair Formation in Non-Alloyed, Individual Halide
Perovskite Compounds: CsPbl; and CsPbBr,

Delocalized holes at the valence band or localized trapped holes in
Frenkel pair defect: In this stage, it is examined the possibility of
holes becoming localized in a FP (we use the formation energy
expression given by Eq. (1) in the Technical Details. Note that the
Frenkel pair formation energy is a quantity that is independent
of the halogen chemical potential. Figure 2b shows the forma-
tion energy for the Frenkel pair defect of CsPbl; vs. the Fermi
energy. Only the 2+ charge state is obtained. For E; close to the
VBM (hole-rich condition), the formation energy of the Frenkel
pair is very low (equal to only 12 meV), which means that, at
room temperature, the thermal energy is enough to generate the
Frenkel pair defect. In contrast, if E, lies in the middle of the band
gap, as in the equilibrium Fermi level for I-rich condition (verti-
cal dashed line in Figure 2b), the formation energy of Frenkel
pair will be larger than 1.0 eV. Because of that, we do not expect
the formation of Frenkel pair in CsPbl; far from the hole-rich
condition.

The Frenkel pair can be viewed as a form of localization of
holes around specific atoms/sites as shown in the charge isosur-
face in Figure 2a. The excess of holes, generated by light or intro-
duced electrochemically, localizes and promotes the formation
of Frenkel pair. The combination of hole localization and atomic
displacement can also be described as a polaron, and in this con-
dition, a small hole polaron. Different from other materials, such
as oxides,*2%] the orbital energy of the polaron does not lie in the
middle of the gap, but instead, is in resonance in the conduction
band, as shown in the density of states in Figure 3a.

Calculations for the formation energy of the bromine Frenkel
pair in CsPbBr;, namely (Vj,+Br;)?*, also were done. For Ej at the
VBM, it was found a value of 0.79 eV (not shown in Figure 2). This
is 65 times larger than the formation energy of iodine Frenkel
pair in CsPbl;. One possible reason for this difference is the abso-
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Figure 3. Density of states for a) CsPbl; and for b) CsPb(Br,l;_,); with
x = 0.5. The red region indicates the Frenkel pair orbital states, which are
in resonance at the conduction band. The valence band maximum for each
case is set as 0 energy.

lute energy of the VBM of CsPbBr; which is deeper than the VBM
of CsPbI,.1¢] As the VBM is deeper, the energy required to create
holes will be larger, destabilizing the Frenkel pair. Another rea-
son can be the higher complexation affinity of Pb** and Br~ when
compared to the Pb** and I~.13”) Considering these points, we do
not expect the formation of bromine Frenkel pairs in CsPbBr,
even when the Fermi level is shifted down to the vicinity of VBM
by hole injection.

Iodine Frenkel Pair vs Br Frenkel pair in single perovskite com-
pounds: In this stage, it was checked the possibility of different
sites for the Frenkel pair, and different charge states. For the com-
pounds CsPbl, and CsPbBr, there is a unique combination of
halogen vacancy and halogen interstitial to form the Frenkel pair,
which results in V,+1I; and V;,+Br;, respectively. For both Frenkel
pairs, we tested the following charge states: neutral, 1+, and 2+.
Only in the 2+ charge state the Frenkel pair defects configuration
is maintained. In other words, the DFT relaxation process in neu-
tral and 1+ charge state moves the halogen interstitial towards
the halogen vacancy, filling it and recovering the stoichiomet-
ric polymorphous atomic configuration. Therefore, the Frenkel
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pair in the halide perovskites can exist only in 2+ charge state,
i.e., hole-rich condition. From an experimental point of view, the
hole-rich condition is obtained by light or electrochemical hole
injection.[1%23]

Associated or dissociated components of a Frenkel Pair: In
Figure 2b we also report the formation energy for V; and I, treat-
ing them as dissociated components for CsPbl,. For E; at the
VBM and for the I-rich condition, both defects have almost the
same formation energy of 0.10 eV. The formation energies of
V, and I, have a dependence on the halogen chemical potential;
while for I-rich there is a decrease in the formation energy of I,
the I-poor configuration decreases the formation energy of V,.
However, the sum of both formation energies is independent of
the halogen chemical potential, and this quantity can be used
to determine the defects binding energy according to Eq. (2) of
the Technical Details. The defects binding energy describes the
energy necessary for two (or more) defects to stick together and
form a complex defect, in our case, the associated Frenkel pair.
For CsPbl;, the binding energy is equal to —0.13 eV, which indi-
cates that there is an energy gain when I, and V; stick together to
form the Frenkel pair when compared to the dissociated defects.
For CsPbBr;, as mentioned before, the Frenkel pair has larger
formation energy, and the binding energy is close to 0 eV. If the
Frenkel pair could be formed, the room temperature is enough
to dissociate the Frenkel pair into the defect composition.

Based on all three stages above, we can conclude for the non-
alloyed HP:

i. the Frenkel pair can exist only in an environment rich in
holes, since it is stable only in the 2+ charge state, and there-
fore only in HP under light or hole injection.

ii. The holes at the VBM in CsPbl; can localize to form the
Frenkel pair defect.

iii. The associated Frenkel pair in CsPbl; is more stable than the
dissociated defects — V; and ;.

iv. There is a large formation energy of Frenkel pairs based on
Br, and we do not expect the existence of this complex defect
in CsPbBr;.

2.2. Frenkel Pair Formation in Halide Perovskite Alloys:
CsPb(l,_,Br,),

Delocalized holes at the valence band vs. localized at Frenkel pair in
alloys: The calculation of Frenkel pair formation energy with Ej at
the VBM and as a function of the alloy composition x is shown in
Figure 1b. In the region with intermediate bromine composition
(0.22 < x < 0.66, shown in the green area), the formation energy
of Frenkel pair is negative, i.e., spontaneous formation. There-
fore, the holes at the VBM localize and form the Frenkel pair
(Vi+1,)** spontaneously as shown in the schematic Figure la.
The orbital state of Frenkel pair lies in resonance in the conduc-
tion band, a similar condition of CsPbl;, and can be observed in
the density of states calculation, Figure 3b.

Considering the region outside the green area of Figure 1a,
close to the CsPbI; (x < 0.22) and close to CsPbBr; (x > 0.66), the
formation energy of the Frenkel pair is positive, i.e., endother-
mic. If energy is not provided to the alloy, the excess of holes
tends to occupy the VBM in a delocalized state, and the Frenkel
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pair is unlike to form. Especially for CsPb(I,_,Br,); with x > 0.80,
the formation energy of the Frenkel pair is very large, becoming
similar to CsPbBr, and indicating a tendency for low Frenkel pair
concentration in Br-rich alloys.

Relative stability of iodine and bromine Frenkel pair defects in per-
ovskite alloys: There are two possibilities for Frenkel pair forma-
tion in the alloy CsPb(I,_,Br,);: Vg, +Br; and V+I;. In contrast to
the parent compounds, the local chemical environment of halo-
gen vacancy and halogen interstitial can play an important role in
the Frenkel pair relative stability. Before commenting about that,
itis important to mention that independent of the local chemical
environment, only the 2+ charge states can stabilize the Frenkel
pair. In other words, the neutral and 1+ charge state promote the
cancelation of the Frenkel pair in the alloy (halogen interstitial
move towards the halogen vacancy) as mentioned in the parent’s
compounds. Translating to the language of experimental results,
the Frenkel pair can be observed only in alloys with hole-rich con-
ditions.

Considering the local chemical environment for the halogen
interstitial, which is one defect that composes the FP, there are
four possibilities in HP alloys: trimers of I (I-I-I), trimers of
Br (Br-Br-Br), or multiple compositions as Br-Br-I or I-I-Br. For
CsPb(I,_,Br,); with x = 0.5, the Frenkel pair composed by I
trimers is largely stable when compared to trimers of Br, around
0.95 eV. Similarly, I trimers can be at least 0.21 eV more stable
than multiple sites as I-I-Br. This is indicative that the Frenkel
pair, that has the halogen interstitial composed of By, is less fa-
vorable than the I in alloys, as observed in the alloy parent’s com-
pounds.

The halogen vacancy that composes the Frenkel pair could be
created in a differentlocal chemical environment, that represents
an I-rich or Brrich, i.e., the vacancy created in the octahedral
most composed by I or Br, respectively. The relative stability of
the Frenkel pair where the V| is created in I-rich can be more
than 0.35 eV stable when compared to Frenkel pair with V, cre-
ated in Br-rich CsPb(I,_,Br,); with x = 0.5.

Our conclusion, owing to the relative stability between the
Frenkel pairs is: there is a larger tendency to create (V,+1;)%*
where the local chemical environment for [; is a trimer of [, and
the local chemical environment of V; is rich in I atoms inde-
pendently of the alloy composition x. It means that the Frenkel
pair will form in regions that are rich (poor) in I (Br). This is
expected since the formation of Frenkel pair in CsPbl, is much
more likely to occur than in CsPbBr, as demonstrated before.
From this point to the end of this paper, when we mention asso-
ciated Frenkel pair in the alloy section, we refer to a Frenkel pair
that obeys the said characteristics, (V,+1;), and is in the 2+ charge
state.

Associated vs. dissociated Frenkel pair in the alloy: In this stage,
we check the possibility of dissociation Frenkel pair (V;+1,)** into
its defect composition: I;'* and V,!*. In Figure 1a, in the red line,
we plot the sum of the formation energy of I,'* and V,'* (quan-
tity independent of the halogen chemical potential) calculated in
the same sites of Frenkel pair defects and E; at VBM. The dif-
ference between the formation energy of the Frenkel pair (blue
line Figure 1b) and the dissociated defects (red line Figure 1b)
is called binding energy (AE), given by Eq. 2 in the Techni-
cal Details, and shown in Figure 4. The red area (AE > 0) in-
dicates the region where there is a tendency for Frenkel pair
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Figure 4. Biding energy for Frenkel pair calculated according to Eq. 2
(Technical Details) for CsPb(l;_,Br,); in different Br concentrations. The
red area (AE > 0) indicates the Br concentration where the Frenkel
pair tends to dissociate into their component’s defects. The blue area
(AE < 0) indicates the Br concentration where the FP tends to keep as-
sociated.

dissociation, while the blue region (AE < 0) refers to the alloy
composition that tends to keep an associated Frenkel pair defect
format.

For the alloy CsPb(I,_,Br,); with composition 0.22 < x < 0.70
the biding energy is positive, and therefore, whenever the Frenkel
pair is formed it will split into I,'* and V,!*. The maximum ten-
dency for Frenkel pair dissociation is closer to alloy composition
with 0.33 < x < 0.50, i.e., CsPbI,Br and CsPbI, ;Br, . The bind-
ing energy for x > 0.70 and x < 0.22 is positive, indicating that,
when the Frenkel pair is formed, it tends to keep I,'* and V;!*
associated.

In summary, considering the three stages described above for
alloys of halide perovskite, we have:

i. the Frenkel pair in alloys can be formed only in the hole-rich
condition (under light or hole injection), with a larger prefer-
ence to show up in the I-rich region inside the alloy.

ii. For an alloy composition with 0.22 < x < 0.66, the Frenkel
pair has negative formation energy, and the holes tend to lo-
calize in the Frenkel pair defect.

iii. For alloy composition with 0.22 < x < 0.70, the Frenkel pair
tends to dissociate into their composing defects.

2.3. Phase Segregation Mechanism in Halide Perovskites Alloy:
CsPb(l,_,Br,);

Using the three stages for alloys and their parents’ compounds
mentioned before, we can describe a mechanism for phase
segregation in alloys of CsPb(I,_,Br,); that is summarized in
Figure 5. Note that our explanation does not involve thermody-
namic properties, but only analysis of defects. Starting from the
alloy, Figure 5a, the holes can be generated in the HP by light
or electrochemically, making the HP in a hole rich condition.
In principle, the holes are delocalized at the VBM, as shown by
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Figure 5b. However, when the Fermi level of the alloy moves from
the middle of the band gap towards the valence band, the forma-
tion energy of Frenkel pair (V;+1;)* becomes negative for alloys
with Br concentration between 22% and 66% and the Frenkel
pair defect tends to form spontaneously. This is the driving force
that determine the threshold of Br concentration in the alloy. The
Frenkel pair is shown in Figure 5c. However, in the same range of
alloy composition, the Frenkel pair tends to dissociate i.e., the I,'*
and V;'* move in the opposite direction, Figure 5d,e. The dissoci-
ation process is caused by the energy gain in the system. In inter-
mediate concentrations of Br, we can say that the associated FP
is a metastable configuration (Figure 1b) despite being more sta-
ble than 2 holes at the valence band. Therefore, under a hole rich
condition, the FP tends to form spontaneously by localization of
2 holes in the valence band. The faster migration of iodine over
bromine interstitial into the vacant iodine is reflected in the in-
formation from the previous calculations of iodine migration.!?]
Also, the experimental results reported by Kamat et al.,[111>1923]
established that the iodine atoms have lower energy barrier to
move instead Br atoms. This is a consequence of the higher affin-
ity of Pb and Br when compared to Pb and 1.['>37] Thus, the I that
composes the octahedra around the V| (not the I that composes
the Frenkel pair), moves towards the vacancy. This process cre-
ates a region rich in I, Figure 5f, and another region with I de-
pletion (large concentration of vacancies and Br) Figure 5g. The
creation of Frenkel pair and the dissociation will be suppressed
only when the local chemical environment becomes similar to
the average alloy concentration with x < 0.22 and x > 0.66. In both
conditions, the holes will not localize anymore in the Frenkel pair
and the segregation will stop.

In the dark, and under annealing temperature, the entropy of
the system increases, and the ions tend to move. At the same
time, the hole-rich condition is suppressed, and the Fermi level
of the alloy tends to return to the middle of the band gap. This
process decreases the formation energy of the Frenkel pair and
isolated V| and I,. As a consequence, the I, tends to fill the V|,
both defects created under light, as shown in Figure 5i. Finally,
this process recovers the alloy, Figure 5a.

Note that our explanation does not invoke pre-existent defects
in the HPs alloys. The light (or the excess of holes) is responsible
to create the defects as a cascade effect: holes at the VB localize
in the form of Frenkel pair and in sequence, the Frenkel pair dis-
sociates. This is observed only in the CsPb(I,_,Br,), with 0.22 <
x < 0.66.

2.4. The Effects of Pressure and Alternatives to Suppress the
Phase Segregation in Alloys of Halide Perovskite

When creating an alloy of perovskites, a few different effects
might take place. Among them, we can cite changes in chemical
composition and changes in volume.[® The changes in chemical
composition for our model were discussed in the previous sec-
tions of this paper. Now we discuss the effects of changing the
volume to it.

It was demonstrated that the Frenkel pair and isolated V; and
I; can have negative formation energy when 0.22 < x < 0.66.
This low formation energy could be, in principle, addressed to
the volume shrink occasioned by the increase of Br atoms and
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Figure 5. Mechanism for phase segregation. a) Atomistic Representation of the alloy of CsPb(l;_,Br,); (Cs — blue; Pb- gray; | — purple and Br — green).
b) Charge isosurface for two holes delocalized at the valence band maximum of the alloy. c) Charge isosurface for Frenkel pair (associated) defect state
(Vi+1))%" when the two holes at the VBM localize. d) and e) Charge isosurface for isolated (dissociated FP) I;* and V,*, respectively. f) and g) phase
segregated into | and Br rich, respectively. h) thermodynamic parameters when the system is under annealing temperature. i) Defects recombination

due to the instability of V, and I; under low hole concentration.

added to our calculation according to Vegard’s law (more details
about the calculations are described in the Technical Details). To
check the volume effect in the Frenkel pair formation energy, we
calculated the Frenkel pair formation energy in the CsPbl; un-
der lattice contraction of 2%. We observe that the formation en-
ergy of the Frenkel pair increases from 12 meV (no pressure) to
525 meV under high pressure, which corresponds to an increase
of 44 times.

This increase in the formation energy of Frenkel pair is ex-
pected since this defect is associated with a combination of: en-
ergy gain due to atomic rearrangement and energy loss due to the
coulomb repulsion between two holes. When the system is un-
der pressure, the coulomb repulsion is larger; at the same time,
the volume for the atomic rearrangement is smaller leading to
an increase in the formation energy of the Frenkel pair. There-
fore, we can say that the volume contraction, due to the alloy-
ing composition, is not the driving mechanism to make the for-
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mation energy of Frenkel pair negative in the alloys. The pres-
ence of the Br atoms in the system must decrease the formation
energy of the Frenkel pair. On the other hand, the pressure ap-
plied in alloys of halide perovskites can reduce the formation en-
ergy of Frenkel pair defects, being a possible path to avoid phase
segregation.

Other possibilities to decrease the phase segregation invoke
alloying in the A and B sites of perovskites. A-site alloying
is the mainstream trend to suppress phase segregation and
prepare high-efficiency devices. We expect that since A site
atoms/molecules do not contribute significantly to the wavefunc-
tion of the valence band maximum or conduction band min-
imum band edge states, mixing different A site objects will
not affect much the electronic structure near the band gap, but
might affect the volume. The previous analysis done in pres-
sure in halide perovskite is indirectly related to a mixing of A
elements/molecules. The stability of Frenkel pair is related to a
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competition of energy gain due to the atomic rearrangement and
energy loss due to high coulomb repulsion. The pressure, or the
A site mixing, changes the balance between this competition. Our
study does not involve different A site alloying simultaneously
with X-site alloying. The treatment of double A site substitution
complex alloys could create difficulty in isolating some effects
and understanding the real reason for the phase segregation.

To test the effect of replacing Pb with Sn at B site on the light
induced phase separation through the Frenkel pair defect, we
have calculated the Frenkel pair formation in the systems based
on Sn rather than Pb, such as CsSnl;. We find out that even
in the 2+ charge state of Sn, the I; moves towards the vacancy
filling it, thus the formation of Frenkel defect is unstable and
inhibit phase separation. This process is similar to the Frenkel
pair defect in neutral and 1+ charge state for CsPbl;. For the
alloy Cs(Sn,Pb, )(I,Br,_,) with [x = 0.50; y = 0.03] we found a
metastable state where the FP forms, however its formation en-
ergy is 0.32 eV higher than the two holes at the VBM. This means
that, the incorporation of Sn always leads to holes being delocal-
ized at the VBM instead of being localized in the Frenkel pair
form as in alloys of Pb-based alloys. These results agree with ex-
perimental data shown in the literature.!3]

3. Conclusions

In this paper, we demonstrated that a complex defect composed
by iodine interstitial and vacancy of iodine, Frenkel pair (V;+1,)*,
can have very low formation energy in alloys of CsPb(I,_,Br,),
and be the driven mechanism for phase segregation into its par-
ent compounds under light exposure. The light creates a hole-
rich halide perovskite, where the holes tend to localize in the
Frenkel pair defect. For Br concentration between 22% and 66%,
the Frenkel pair tends to dissociate into V,'* and I,'*. The V| has
a low energy barrier to migrate and is filled by another I, increas-
ing the concentration of I in the region of Frenkel pair formation,
and decreasing the concentration of I, where the V, is moving.
The Frenkel pair tends to be created only in the local environment
rich in I, which will result in a larger (smaller) concentration of I
(Br) until the formation energy of the Frenkel pair becomes pos-
itive (holes tend to go to the VBM) or the formation energy of
dissociated defects be larger than the Frenkel pair. This process
is summarized in Figure 5.

4. Technical Details

A. Computational Technical Details

Our first-principles calculations are based on the density func-
tional theory (DFT) approach as implemented in the Vienna ab-
initio simulation package (VASP).12027] The interaction between
valence electrons and the ionic cores is treated according to the
projected augmented wave method (PAW) method,*8% consid-
ering the following valence electrons: Cs (5s25p°6s'), Pb (6s26p?),
I (55%5p%), Br (4s24p°).

The volume and the atomic positions were optimized with the
semi-local exchange and correlation function implemented for
solids by Perdew-Burke-Ernzerhof (PBESol).[?! We used a plane
wave cutoff energy of 400 eV to minimize the stress tensor and
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atomic forces with a k-point mesh of 6x6x6 for the Brillouin zone
integration. We obtained a lattice parameter of 6.27 A (6.29 A) and
5.89 A (5.85 A) to CsPbl; and CsPbBr;, which deviate by only -
0.32% and 0.68% when compared to experimental results (shown
in parentheses), respectively.[*041]

To calculate the Frenkel pair and other defects, we used a su-

percell that corresponds to 2\/5x2 \/§X4 repetitions of Pm-3m
cubic perovskites, which contain 32 ABX, formula units (160
atoms). In this structure we allowed atomic relaxation keeping
frozen the lattice vectors to result in the cubic polymorphous
configuration,*! which better represents the cubic high symme-
try Pm-3m perovskite. Because of the size of the supercell, we
reduced the Brillouin zone integration to only the Gamma-point.

In the supercell, we also calculate the electronic and defects
properties using the hybrid exchange and correlation functional
implemented by Heyd-Scuseria-Ernzerhof (HSE) in addition to
the relativistic spin-orbit coupling (SOC) correction.[?*3%] In the
standard HSE06, 25% of the exact exchange is included in the
short-range region that is defined by the screening factor o =
0.20 A-'. However, HSE06+SOC still underestimates the band
gap, and therefore to improve the description of the band gap
we increase the exact exchange concentration to 43%. This leads
to a theoretical band gap of 1.74 eV (1.74 eV) and 2.32 eV
(2.23 eV) for CsPbl; and CsPbBr;, in good agreement
with the cubic perovskite experimental band gaps shown in
parentheses.[243]

To distribute the I and Br atoms in the supercell of al-
loys CsPb(I,_,Br,);, we used the special quasi-random (SQS)
method.[***1 The concentration of Br was allowed to vary in the
range 0.0 < x < 1.0. The lattice parameter for the alloy was de-
termined by a linear interpolation according to the halogen con-
centration, using the parents’ lattice parameters, i.e., we follow
Vegard’s law.

B. Defects and formation energy

The formation energy of defects is calculated according to the
following equation:

AH;(D, ) = Eqi(D, 4) = B X' mps + qEg + AY M

1

where E,,(D,q) is the total energy for the system with defect D
in charge state g, E2"'* is the total energy for the bulk system in
the same supercell size that contains a defect. The charge state
refers to the charge of an ionized defect or valence band, i.e., is
associated with the calculation with the addition or removal of
electrons. In the case of Frenkel-pair, we remove 1 or 2 electrons
from the defect state and, as a consequence, the empty states
move toward the conduction band, as demonstrated by the den-
sity of states in Figure 3. The number of atoms with chemical
specie i that are removed (negative) or added (positive) to the sys-
tem is indicated by n, and y; is the reservoir chemical potential of
those atoms n. The Fermi energy, Ej, has the valence band max-
imum (for alloys and parent compounds) as a reference, set as
0 eV, and can vary between the valence band maximum (VBM) to
the conduction band minimum (CBM). Because of the periodic
boundary conditions, we need to add a correction in Eq. 1, A4, for
the charge image interaction.[*647]
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The Frenkel pair defect is composed of one vacancy of halogen
and one halogen interstitial - V|+I; or V4 Br; -i.e., the supercell
that contains the defect is in a stoichiometric condition. Because
of that, the formation energy, given by Eq. 1, will be indepen-
dent of the halogen chemical potential. The same independence
of halogen chemical potential occurs when the formation energy
of V, and I, treated as separate defects, is summed. This is an ap-
proach used to avoid the calculation of a stability triangle, which
is a hard task to determine the competitive phases of the alloy in
different halogen concentrations.

In Eq. 1, we only calculate the formation energy of interesting
defects at the valence band maximum, which means, consider
Ep = 0. This is the strategy to simulate the HPs under the hole-
rich condition that is observed experimentally when the alloy
goes to phase segregation.['1%23] As mentioned before, the elec-
trons are removed from the alloy by contact with the Fermi level
lower than the conduction band minimum, resulting in a shift in
the alloy Fermi level towards the valence band maximum.

With the formation energy calculation for the Frenkel pair
(Vi+1; or Vp,+Br;) and the isolated component defects, it is possi-
ble to define the binding energy through the following equation:

_ Frankel _ def
AE = AH[™ Z AH] 2)

where Aijmnkel is the formation energy of the Frenkel pair and
> AH)‘i1ef is the sum of the formation energy of isolated defects
(halogen interstitial and halogen vacancy — positive charge state).
Note that, both quantities are independent of the halogen chem-
ical potential. If AE < 0 the formation of Frenkel pair is more
stable than the separated defects, which indicates a tendency for
halogen vacancy and halogen interstitial stick together. On the
other hand, if AE > 0 there is a tendency for dissociation of
Frenkel pair, and the halogen vacancy and halogen interstitial
tend to lie far away from each other.

Acknowledgements

A.Z. and F.P.S.: This material is based upon work supported by the U.S.
Department of Energy’s Office of Energy Efficiency and Renewable En-
ergy (EERE) under the Solar Energy Technologies Office Award Number
DE-EE0009515. F.P.S. and G.M.D. also want to thank FAPESP (grants
17/02317-2,21/14422-0, and 2021/11786-1), for supporting the fellowship
of F.P.S. visit to CU Boulder, and the National Laboratory for Scientific
Computing (LNCC/MCTI, Brazil) for providing resources on the Santos
Dumont supercomputer.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

Alloys of halide perovskite, Frenkel pair, Phase segregation

Adv. Energy Mater. 2023, 2301539

www.advenergymat.de

Received: May 20, 2023
Revised: July 30, 2023
Published online:

(1
(2

(3]
(4]

(3]
(6]
(7]
(8]
9]
(1]
(1]

(12]

(13]
(14]
(13]
(18]
(7]

(18]

[19]
(20]

(21]

(22]

(23]
(24]

(25]
(26]
(27)
(28]

(29]
(30]

(31]
(32]

33]

2301539 (9 of 10)

N.-G. Park, Mater. Today 2015, 18, 65.

Y. Rong, Y. Hu, A. Mei, H. Tan, M. I. Saidaminov, S. I. Seok, M. D.
McGehee, E. H. Sargent, H. Han, Science 2018, 361, eaat8235.

A. K. Jena, A. Kulkarni, T. Miyasaka, Chem. Rev. 2019, 119, 3036.

J. Y. Kim, J.-W. Lee, H. S. Jung, H. Shin, N.-G. Park, Chem. Rev. 2020,
120, 7867.

G. E. Eperon, M. T. Hérantner, H. J. Snaith, Nat Rev Chem 2017, 1,
0095.

G. M. Dalpian, X.-G. Zhao, L. Kazmerski, A. Zunger, Chem. Mater.
2019, 317, 2497.

G. B. Stringfellow, J. Cryst. Growth 1982, 58, 194.

GC. B. Stringfellow, J. Cryst. Growth 1983, 65, 454.

S.-H. Wei, L. G. Ferreira, A. Zunger, Phys. Rev. B 1990, 41, 8240.

E. T. Hoke, D. J. Slotcavage, E. R. Dohner, A. R. Bowring, H. I.
Karunadasa, M. D. McGehee, Chem. Sci. 2014, 6, 613.

P. S. Mathew, G. F. Samu, C. Jandky, P. V. Kamat, ACS Energy Lett.
2020, 5, 1872.

L. A. Frolova, S. Y. Luchkin, Y. Lekina, L. G. Gutsev, S. A. Tsarev, I. S.
Zhidkov, E. Z. Kurmaeyv, Z. X. Shen, K. J. Stevenson, S. M. Aldoshin,
P. A. Troshin, Adv. Energy Mater. 2021, 11, 2002934.

D. Hong, P. Zhao, Y. Du, C. Zhao, Y. Xia, Z. Wei, Z. Jin, Y. Tian, iScience
2020, 23, 101415.

F. Brivio, C. Caetano, A. Walsh, J. Phys. Chem. Lett. 2016, 7, 1083.

S. J. Yoon, M. Kuno, P. V. Kamat, ACS Energy Lett. 2017, 2, 1507.

T. Elmelund, B. Seger, M. Kuno, P. V. Kamat, ACS Energy Lett. 2020,
5, 56.

C. G. Bischak, C. L. Hetherington, H. Wu, S. Aloni, D. F. Ogletree, D.
T. Limmer, N. S. Ginsberg, Nano Lett. 2017, 17, 1028.

X. Wang, Y. Ling, X. Lian, Y. Xin, K. B. Dhungana, F. Perez-Orive, .
Knox, Z. Chen, Y. Zhou, D. Beery, K. Hanson, J. Shi, S. Lin, H. Gao,
Nat. Commun. 2019, 10, 695.

G. F. Samu, A. Balog, F. De Angelis, D. Meggiolaro, P. V. Kamat, C.
Janaky, J. Am. Chem. Soc. 2019, 141, 10812.

W. Rehman, D. P. McMeekin, |. B. Patel, R. L. Milot, M. B. Johnston,
H. J. Snaith, L. M. Herz, Energy Environ. Sci. 2017, 10, 361.

A. ). Barker, A. Sadhanala, F. Deschler, M. Gandini, S. P. Senanayak, P.
M. Pearce, E. Mosconi, A. J. Pearson, Y. Wu, A. R. Srimath Kandada,
T. Leijtens, F. De Angelis, S. E. Dutton, A. Petrozza, R. H. Friend, ACS
Energy Lett. 2017, 2, 1416.

C. Eames, ). M. Frost, P. R. F. Barnes, B. C. O'Regan, A. Walsh, M. S.
Islam, Nat. Commun. 2015, 6, 7497.

J. T. DuBose, P. V. Kamat, Acc Mater Res 2022, 3, 761.

F. P. Sabino, A. Zunger, G. M. Dalpian, Mater. Horiz. 2021, 791, https:
//doi.org/10.1039/D1MHO1371H.

D. Moia, J. Maier, Mater. Horiz. 2023, 1641, https://doi.org/10.1039/
D2MHO01569B.

C. Kresse, |. Hafner, Phys. Rev. B 1993, 48, 13115.

G. Kresse, J. Furthmdiller, Phys. Rev. B 1996, 54, 11169.

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria,
L. A. Constantin, X. Zhou, K. Burke, Phys. Rev. Lett. 2008, 100, 136406.
J. Heyd, G. E. Scuseria, J. Chem. Phys. 2004, 120, 7274.

J. Heyd, G. E. Scuseria, M. Ernzerhof, J. Chem. Phys. 2006, 124,
219906.

X.-G. Zhao, G. M. Dalpian, Z. Wang, A. Zunger, Phys. Rev. B 2020,
107, 155137.

F. P. Sabino, I. Chatratin, A. Janotti, G. M. Dalpian, Phys. Rev. Mater.
2022, 6, 064602.

X. Cai, F. P. Sabino, A. Janotti, S.-H. Wei, Phys. Rev. B 2021, 103,
115205.

© 2023 Wiley-VCH GmbH

858017 SUOWWIOD A1) 8|qeoljdde 8y A peuienob ae e YO ‘9sn JO Sa|n. 10} Ariq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LI0O" A3 1M ARIq 1 BUI|UO//SdNY) SUORIPUOD pue S8 1 8y} 88S *[£202/TT/ZT] Uo AriqiTaulluo A8|IM ‘LeiqiT opelojod JO AIseAIUN Aq 6ESTOEZ0Z WUSE/Z00T 0T/I0PW0D A8 1w ARe.d i juluo//:sdny woiy pepeojumod ‘0 ‘089 TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(34]
35]
36]
(37]
(38]
(39
(40]

[41]
(2]

Adv. Energy Mater. 2023, 2301539

ADVANCED
ENERGY
MATERIALS

A. Janotti, J. B. Varley, M. Choi, C. G. Van de Walle, Phys. Rev. B 2014,
90, 085202.

C. Franchini, M. Reticcioli, M. Setvin, U. Diebold, Nat. Rev. Mater.
2021, 6, 560.

S. Tao, I. Schmidt, G. Brocks, J. Jiang, |. Tranca, K. Meerholz, S. Olthof,
Nat. Commun. 2019, 10, 2560.

S.J. Yoon, K. G. Stamplecoskie, P. V. Kamat, J. Phys. Chem. Lett. 2016,
7, 1368.

G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.

P. E. Blochl, Phys. Rev. B 1994, 50, 17953.

P. Cottingham, R. L. Brutchey, Chem. Commun. 2016, 52, 5246.

D. M. Trots, S. V. Myagkota, J. Phys. Chem. Solids 2008, 69, 2520.

M. Sebastian, |. A. Peters, C. C. Stoumpos, J. Im, S. S. Kostina, Z. Liu,

43]

[44]
[45]
[46]

[47]

2301539 (10 of 10)

www.advenergymat.de

M. G. Kanatzidis, A. |. Freeman, B. W. Wessels, Phys. Rev. B 2015, 92,
235210.

L. Protesescu, S. Yakunin, M. |. Bodnarchuk, F. Krieg, R. Caputo, C.
H. Hendon, R. X. Yang, A. Walsh, M. V. Kovalenko, Nano Lett. 2015,
15, 3692.

A.Zunger, S.-H. Wei, L. G. Ferreira, . E. Bernard, Phys. Rev. Lett. 1990,
65, 353.

S.-H. Wei, L. G. Ferreira, J. E. Bernard, A. Zunger, Phys. Rev. B 1990,
42,9622.

C. Freysoldt, J. Neugebauer, C. G. Van de Walle, Phys. Rev. Lett. 2009,
102, 016402.

C. Freysoldt, J. Neugebauer, C. G. V. de Walle, physica status solidi
2011, 248, 1067.

© 2023 Wiley-VCH GmbH

858017 SUOWWIOD A1) 8|qeoljdde 8y A peuienob ae e YO ‘9sn JO Sa|n. 10} Ariq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LI0O" A3 1M ARIq 1 BUI|UO//SdNY) SUORIPUOD pue S8 1 8y} 88S *[£202/TT/ZT] Uo AriqiTaulluo A8|IM ‘LeiqiT opelojod JO AIseAIUN Aq 6ESTOEZ0Z WUSE/Z00T 0T/I0PW0D A8 1w ARe.d i juluo//:sdny woiy pepeojumod ‘0 ‘089 TIT



