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ABSTRACT: As a next-generation solar cell, perovskite solar
cells (PSCs) have been attracting considerable attention.
FAPbI3 is particularly considered as an optimal material with
a proper band gap and thus has been employed as a base
material for the PSCs with more than 20% efficiency; however,
the competitive polymorphic growth of α- and δ-phases is a
major hurdle in utilizing this material. To provide the theoretical
model of the polymorphic phase competition of FAPbI3 for the
first time, we here investigate how compositional engineering
can pave a route to control the polymorphic growth of FAPbI3
using density functional theory combined with a statistical-
mechanical treatment of the configurational space. We find that
dual-site alloying of both cations and halides is critically
important to achieve the specific stabilization of the α-phase
while maintaining the good miscibility, thermodynamic stability, and optimal band gap property. Based on our first successful
theoretical modeling of the FAPbI3 system and its polymorphic phase competition behavior during dual-site alloying, we
anticipate deriving new rational guidelines on compositional engineering of organic−inorganic hybrid perovskite alloys for
designing PSCs with high efficiencies and stabilities.

1. INTRODUCTION

As low-carbon energy is imperative for sustainable and clean
power production in the future, considerable attention has been
paid to light harvesting technologies capable of direct conversion
of solar energy into electricity. In particular, there have been
intensive developments in perovskite solar cells (PSCs) in recent
years, accompanied by a substantial improvement of the power
conversion efficiency (PCE). In the seminal work reported in
2009, the methylammonium lead triiodide perovskite (MAPbI3)
was used as a light sensitizer of the dye-sensitized solar cells
(DSSCs), resulting in a PCE of 3.81%.1 In 2012, it was revealed
that a perovskite material can directly serve as an active material
for solar cells instead of as a light sensitizer, showing a
dramatically enhanced PCE of 9.7%.2 Since then, many
researchers have elucidated the working mechanism3,4 and
developed fabrication methods5,6 and device structures7,8 to
optimize the material’s properties. These efforts have led to a
rapid improvement of the photovoltaic performance of PSCs,
with the PCE increasing from 9.7% to 22.1%.2,9−15

In addition to the remarkable improvement in the PCE, other
features of the PSCspotentially low-cost raw material,
inexpensive processing, and design versatilityadd advantages
when employing PSCs in fields such as building construction and
vehicle manufacture. In order to realize this, PSCs with a high
durability and stability are essential, and it is important to
improve the thermal stability of multicomponent organic−
inorganic hybrid perovskite materials.
Actually, perovskite is a general term defining the structure

family with a mineral composition of ABX3; the A-site is for a
cation coordinated by 12 X anions, and the B-site is for a metal
bonded to 6 X anions, forming corner-sharing BX6 octahedrals in
a three-dimensional framework. Thus, the composition engineer-
ing of perovskite materials has been a major strategy in
developing high-performance PVCs by varying the building
blocks of the A-, B-, and X-sites. For example, substituting Br for
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the I of MAPbI3 widens the band gap from 1.55 to 2.3 eV,1,2,16

allowing for band gap tailoring using a halide mixed perovskite:
MAPb(I1−χBrBrχBr)3 (0 < χBr < 1).17−19 Additionally, Noh et al.17

demonstrated that the stability of MAPbI3 can be significantly
improved by the mixing of Br into halide sites. Previous
theoretical studies showed that bromide perovskites could offer
better trap densities and phase stabilities over iodide perov-
skites.6,20

More interestingly, it has been considered that further
optimized material properties can be achieved by replacing the
methylammonium cation (MA) with the larger formamidinium
cation (FA) at the A-site. Compared to MAPbI3, with a band gap
of 1.55 eV,1,2,21 FAPbI3 has a smaller band gap of 1.48 eV (∼840
nm absorption),21 yielding a higher photon conversion
efficiency. Eperon et al. demonstrated that FAPbI3 is stable
even at 150 °C in air,21 implying a more enhanced thermal
stability than MAPbI3. Furthermore, the undesirable J−V
hysteresis (observed in MAPbI3-based PSCs22) was efficiently
suppressed in FAPbI3-based PSCs.23

Despite such ideal material properties, the major obstacle to
the successful use of FAPbI3 in PSCs arises from the polymorphic
growth of FAPbI3.

22 At room temperature, FAPbI3 has two
polymorphs: a black trigonal (P3m1) phase (namely, α-phase)
and a yellow hexagonal (P63mc) phase (namely, δ-phase).22,24

Unlike the trigonal phase consisting of a three-dimensional
network of corner-sharing PbI6 octahedrons (i.e., perovskite
structure; Figure 1a), the hexagonal phase is a layered structure
consisting of linear chains of face-sharing octahedrons (i.e.,

nonperovskite structure; Figure 1b). Since the hexagonal phase
has a wider band gap, which is detrimental to solar cell efficiency,
it becomes critical to suppress the hexagonal phase formation.
Either a cation alloying at the A-site (FA with MA or Cs)25−27

or a simultaneous cation and halide alloying at both A- and X-
sites11,14,28−31 is considered to be effective in stabilizing the
trigonal phase of FAPbI3 over the hexagonal phase, thereby
enhancing the performance of PSCs. When both MA and Br are
cosubstituted into FAPbI3, it has been reported that the
hexagonal phase disappeared completely, as confirmed from X-
ray diffraction (XRD) measurements.11 Also, a markedly
enhanced stability up to 250 h has been reported for PSCs
using ternary alloying of FA/MA/Cs at the A-site and I/Br
alloying at the X-site.30

Although the simultaneous mixing at A- and X-sites has been
the key strategy to fabricate PSCs with high efficiencies of over
20%,30 its mechanistic origin is still not clearly understood and
has not been theoretically explored yet. Previous theoretical
studies were mostly about the MAPbI3 system, where no
polymorphic growth issue exists, and thereby nomodeling efforts
on the FAPbI3 system and its polymorphic phase competition
behavior during dual-site alloying have been pursued, to our best
knowledge. Also, despite it being the simpler case of Br mixing
only at the X-site of FAPbI3 compared to dual-site alloying, there
is no theoretical attempt to explain the experimental discovery of
the thin film quality of FAPb(I1−χBrBrχBr)3 depending on the Br
content; the good crystallinity of FA-based-PSCs with mixed
halides can be obtained only at the I- and Br-rich condition,32

which can be modulated by further mixing elements at the A-
site.29

To realize a rational design and property tailoring of mixed
perovskite systems, in this study, we pursue a comprehensive
theoretical investigation into how alloying at the A- and X-sites
can control the polymorphic phase behavior between trigonal
and hexagonal phases of FAPbI3, which is directly related to the
efficiencies and thermal stabilities of FA-based-PSCs. We identify
the individual and cooperative roles of A-site mixing and X-site
mixing on the phase stabilization and polymorphism of α-
FAPbI3, and we discuss principles that can be useful in designing
compositions of mixed perovskites with enhanced efficiency and
stability.

2. COMPUTATIONAL DETAILS

2.1. Density functional theory calculations.We use first-
principles-based density functional theory (DFT) calculations,
which have been widely utilized in the field, to reveal the
fundamental and unique properties of solar cell materials.33−41

We first calculated formation energies and cell parameters of
various existing and nonexisting polymorphic phases of FAPbI3
and MAPbI3, namely, cubic, tetragonal, trigonal, and hexagonal,
as summarized in Table 1. We used the generalized gradient
approximation (GGA) of the PBEsol functional42 implemented
in the Vienna Ab initio Simulation Package (VASP) with the
choice of plane wave cutoff energy of 400 eV. The convergence
criteria of the self-consistent field iteration and ionic relaxation
were set as 10−6 eV and 10−2 eV/Å, respectively.

2.2. Configurational ensemble average. When multiple
elements competitively occupy the lattice sites after alloying, the
configurational space dramatically expands, and thus, an
ensemble average over the configurational space becomes
unavoidable for the accurate calculation of enthalpy and entropy.
Thus, the thermodynamic arguments based on the ensemble

Figure 1. DFT optimized structures and phase diagram showing
polymorphic growth of FAPbI3. (a) Black trigonal phase (perovskite
phase) and (b) yellow hexagonal phase (nonperovskite phase) of
FAPbI3 obtained from DFT calculations. (c) Thermodynamic stable
range for equilibrium growth of FAPbI3. Chemical potential ranges
where the trigonal phase is stable (blue) and the hexagonal phase is
stable (red) overlap, indicating the polymorphic growth of both phases.
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concept become valid only when statistical−mechanical treat-
ments are appropriately considered, in addition to the
investigation of only a few configurations using DFT energetics.
A useful theoretical framework to calculate the phase stability and
the phase mixing behavior of PSCs for the mixed halides was
suggested by the Walsh group.43 It is noted that we employed a
similar approach in this study, which will be discussed hereafter.
For the trigonal phase, with three different A-sites in the unit

cell, we sampled all the possible 8 (=23) cation configurations.
For the hexagonal phase, we considered a (2× 1× 1) supercell to
enumerate the configurations because the unit cell has only two
different A-sites. This leads to two replicas of two A-sites, yielding
10 irreducible cation configurations considering the symmetry of
the supercell expansion (see Figure S1). Since the number of
possible halide configurations in the unit cell of trigonal and
hexagonal phases is enormously large (512 (=29) and 64 (=26),
respectively), we reduce the number of configurations by
adapting the symmetry of the inorganic framework using the
site-occupancy disorder (SOD) method.44 This yields 120 and
13 symmetrically different halide configurations for the trigonal
and hexagonal phases, respectively, all of which were sampled to
investigate halide mixing.
We then obtained DFT optimized structures and energies of

the sampled structures with different cation and halide

configurations (153 DFT calculations = 8 + 12 + 120 + 13),
which were employed for the statistical free energy calculation
using the generalized quasi-chemical approximation (GQCA).45

Using the GQCA, which (arbitrarily) divides the crystal into an
ensemble of independent clusters, one can formulate the
statistical problem of averaging each class of clusters into a
polynomial equation. Therefore, GQCA allows the efficient
calculation of the enthalpy, entropy, and free energy of mixing of
binary alloys with an arbitrary lattice. In previous work, GQCA
has been successfully utilized for the thermodynamic analysis of
semiconductor alloys,46,47 and also for the investigation of halide
mixing in the MAPbI3 system.

43

3. RESULTS AND DISCUSSION
3.1. Polymorphic growth of the α- and δ-phases of

FAPbI3. For a given chemical potential of B and X, i.e., μB and μX,
the thermodynamic equilibrium growth condition of each hybrid
perovskite (ABX3) is determined using the inequalities below,
which define the ranges of μB and μX, where a spontaneous
dissociation of ABX3 to AX + BX2 is avoided:

48

μ μ+ > Δ − ΔH H2B X f f
ABX AX3

(1)

μ μ+ < ΔH2B X f
BX2

(2)

Table 1. DFT Results of FAPbI3 and MAPbI3: DFT Optimized Cell Parameters, Equilibrium Volume per ABX3 Unit (V), and
Formation Enthalpy per ABX3 Unit (ΔHf) for Various Phases of FAPbI3 and MAPbI3

a

cell parameters

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg) V (Å/f.u.) ΔHf (eV/f.u.)

FAPbI3
Tetragonal 8.578 9.007 12.751 89.87 89.96 89.32 246.26 −4.644
Trigonal 8.986 (8.9817) 9.004 (8.9817) 10.702 (11.0062) 89.99 (90) 90.01 (90) 120.12 (120) 249.65 (256.273) −4.907
Hexagonal 8.482 (8.6603) 8.552 (8.6603) 7.779 (7.9022) 89.49 (90) 90.54 (90) 120.06 (120) 244.16 (252.633) −4.999
MAPbI3
Cubic 6.334 (6.3115) 6.342 (6.3115) 6.347 (6.3115) 89.71 (90) 90.06 (90) 89.91 (90) 254.90 (251.60) −4.942
Tetragonal 8.711 (8.8492) 8.718 (8.8492) 12.401 (12.6420) 90.11 (90) 89.97 (90) 90.03 (90) 235.42 (247.51) −5.012
Trigonal 8.958 8.958 10.610 90.61 89.44 120.77 243.84 −4.928
Hexagonal 8.375 8.357 7.917 88.94 89.99 120.21 239.39 −4.914

aAvailable experimental values in parentheses, and are obtained from ref 21. The ground states having the lowest ΔHf are shown in bold.

Figure 2. Enthalpy (dotted line), entropy (dashed line), and free energy (solid line) of mixing calculated using GQCA.MA substitution into (a) trigonal
and (b) hexagonal phases of FAPbI3. Br substitution into (c) trigonal and (d) hexagonal phases of FAPbI3. For the case of Br substitution into trigonal
phases, “m” and “u” denote metastable and unstable regimes due to binodal and spinodal decomposition ranges, respectively. “s” denotes the stable
regime. DFT energies for 153 different compositions and configurations were used for the configurational ensemble average.
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Here ΔHf is the formation enthalpy and A ∈ {FA, MA}, B = Pb,
and X ∈ {I, Br}. To determine ΔHf, we performed further DFT
calculations on reference states: PbI2, PbBr2, MAI, MABr, FAI,
FABr, FA, MA, I2, and Br2 (DFT optimized structures and
energies are given in Figure S2 and Table S1, respectively).
As shown in Figure 1c, our DFT results clearly show that both

α-FAPbI3 (hexagonal phase) and δ-FAPbI3 (trigonal phase) can
be formed under a compatible range of chemical potentials,
which is consistent with experimental results.22 It should be
further noted that δ-FAPbI3 is thermodynamically more stable
than α-FAPbI3 (by 90 meV/f.u.), explaining the spontaneous α-
to δ-phase transformation in the long term. Further, the
calculated equilibrium growth condition of α-MAPbI3 (tetrag-
onal phase), as shown in Figure S3, is consistent with
experimental data.22 We also note that the calculated cell
volumes reasonably agree with the experimental values (within
5%). Despite some possible error sources, such as the intrinsic
error of the DFT total energies and the different orientations of
organic cations, a good agreement of our DFT results with
experimental results of structures and energies indicates the
suitability of our choice of DFT method and simulation models
in predicting reliable thermodynamic results that will be
discussed hereafter.
3.2. Enthalpy, entropy, and free energy of mixing at A-

and X-sites. As the small relative formation enthalpy is the
origin of polymorphic growth of FAPbI3, it is of consequent
interest to understand how the cation or halide mixing alters the
relative thermodynamics of the polymorphic trigonal and
hexagonal phases. We thus calculated enthalpy (ΔHm@A(X)),
entropy (ΔSm@A(X)), and free energy (ΔFm@A(X)) of mixing at the
A(X)-site using the generalized quasi-chemical approximation
(GQCA).45 Figures 2a and 2b show MA mixing behavior of the
α- and δ-FAPbI3, respectively, at 300 K (where χMA means the
mole fraction of MA; data for other temperature conditions are
presented in Figure S4). We find that the mixing enthalpy of MA
into the δ-FAPbI3 is unfavorable, which is marginally
compensated by the entropic stabilization. Moreover, we find
that alloying of MA into the α-FAPbI3 is both enthalpically and
entropically favored. Such a difference can be ascribed to the
more rigid inorganic framework of the face-sharing structure
compared with the corner-sharing structure. We also note that
the cation mixing is mostly driven by entropy (the absolute
magnitude of ΔHm@A is marginal, as it is less than 15 meV/f.u.).
This is in the same line with the previous report by Yi et al. on the
entropic contribution to the stabilization.27

Figures 2c and 2d show the halide mixing behavior of the α-
and δ-FAPbI3, respectively, which also predicts that the α-phase
more energetically favors the formation of a solid solution phase
than the δ-phase does (where χBr means the mole fraction of Br;
data for other temperature conditions are presented in Figure
S5). The halide mixing of δ-FAPbI3 shows a behavior similar to
that of theMAmixing, which is enthalpically unfavorable and can
be marginally compensated for by the entropic effect. However,
for the halide mixing of α-FAPbI3, interestingly, we find that
there exists a miscibility gap that is mostly driven by enthalpy, as
identified with a binodal region of 0.31 < χBr < 0.84 and a spinodal
region of 0.41 < χBr < 0.81. It is noted that a similar tendency has
been theoretically suggested for the Br/I mixing in MAPbI3 by
theWalsh group.43 Furthermore, our results explain the previous
experimental results, showing that good crystalline mixed halide
FA-based PSCs can be obtained only at the I- and Br-rich
condition of χBr < 0.15−0.2 or χBr > 0.55−0.7.29,32

3.3. Relative phase stability during single-site alloying.
Although the free energy of mixing (ΔFm) provides a
thermodynamic measure of the stability of the solid-solution
phase with respect to the mechanical mixture, it provides no
direct information about the relative thermodynamic stability
between two polymorphic phases. By rearranging the equation
defining ΔFm, we thus formulated the formation free energy
(ΔFf) of mixed perovskites as follows:

χ χ

Δ

= Δ + − Δ + Δ

χ χ−F

H H F(1 )

f

f f m A

FA MA PbI

MA
MAPbI

MA
FAPbI

@

1 MA MA 3

3 3
(3)

χ χΔ = Δ + − Δ

+ Δ

χ χ−F H H

F

(1 )f
I

f f

m X

FAPb( Br )
Br

FAPbBr
Br

FAPbI

@

1 Br Br 3 3 3

(4)

Since there is no configurational entropy for pure phases, we
assumed that ΔFf

FAPbI3 ≈ ΔHf
FAPbI3, ΔFf

MAPbI3 ≈ ΔHf
MAPbI3, and

ΔFf
FAPbBr3 ≈ ΔHf

FAPbBr3, all of which were calculated using DFT
(Table 1).
To provide a thermodynamic measure with respect to the

chemical decomposition of the alloy systems, we considered the
decomposition reaction of mixed perovskites as follows:

χ χ→ + − +χ χ−FA MA PbI MAI (1 )FAI PbI1 3 MA MA 2MA MA

(R1)

χ

χ

→ +

+ − +

χ χ−FAPb(I Br ) (FABr PbBr )

(1 )(FAI PbI )

1 3 Br 2

Br 2

Br Br

(R2)

We then investigated the stability of mixed perovskites to resist
chemical decomposition, by comparing the formation free
energy (ΔFf) with the reaction enthalpies of the above
dissociation reactions, ΔHd

(R1) and ΔHd
(R2).

Figures 3a and 3b compare ΔFf of trigonal and hexagonal
phases and ΔHd of alloy systems as a function of χMA or χBr for
cation and halide mixing cases, respectively. During cation
mixing (Figure 3a), where the solid solution phase is stabilized by
a high configuration entropy (vide supra), the lowest energy path
follows the phase transition from the hexagonal phase to the
trigonal phase (at χMA = 0.77), and then to the dissociated phase
(at χMA = 0.90). This suggests that the MA mixing is effective in
stabilizing the trigonal phase over the hexagonal phase; however,
it simultaneously hampers the intrinsic thermodynamic stability
to resist chemical decomposition. Due to the relatively late
transition point from hexagonal to trigonal phase, which is close
to the point of dissociation, the composition range where the
trigonal phase becomes the most stable phase is highly limited.
For the halide mixing shown in Figure 3b, the lowest energy

path follows the phase transition from the hexagonal phase to the
trigonal phase (at χBr = 0.51), and then back to the hexagonal
phase (at χBr = 0.95). We note that the stability to resist chemical
decomposition is substantial enough since ΔHd is always higher
than ΔFf, even though the gap is decreasing as χBr increases.
However, we recall that there exists a miscibility gap for the range
of 0.31 < χBr < 0.84 at 300 K during halide mixing, which
prohibits the bromide mixing with a concentration high enough
to induce a phase transformation. Additionally, we discuss that a
high concentration of Br accompanies a substantial band gap
widening,1,2,16 significantly degrading the photovoltaic efficiency.
Therefore, it is suggested that we need a more effective way to
stabilize the trigonal phase while keeping the bromide
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concentration low, in order to successfully avoid the composition
range corresponding to the miscibility gap and to prohibit
widening of the electronic band gap.

3.4. Phase stability map during dual-site alloying. We
now expand our discussion to the effect of dual-site alloying of
cations and halides. To formulate the formation free energy of
FA1−χMA

MAχMA
Pb(I1−χBrBrχBr)3, we generalized eqs 3 and 4 into eq

5 using the two-site solid-solution (or reciprocal solution)
model:49

χ χ χ χ

χ χ

χ χ

Δ

= Δ + − Δ

+ − − Δ

+ − Δ + Δ

χ χ χ χ− −F

H H

H

H F

(1 )

(1 )(1 )

(1 )

f
I

f f

f

f m A X

FA MA Pb( Br )

MA Br
MAPbBr

MA Br
FAPbBr

MA Br
FAPbI

MA Br
MAPbI

@ ,

1 MA MA 1 Br Br 3

3 3

3

3
(5)

where ΔFm@A,X denotes the dual-site mixing free energy.
Multivariate Taylor expansion of ΔFm@A,X near χMA = χBr = 0
leads to

∑

∑

χ
χ

χ

χ
χ χ

χ χ

Δ =
!

∂ Δ
∂

+
!

∂ Δ

∂
+

= Δ | + Δ | +χ χ= =

F
n

F

k

F

F F

( )

( )
( )

( )

m A X
n

MA
n n

m A X

MA
n

k

MA
k k

m A X

Br
k MA

m
Br
l

m A m X MA
m

Br
l

@ ,
@ ,

0,0

@ ,

0,0

@ 0 @ 0Br MA

(6)

form = 1, 2, 3, ... and l = 1, 2, 3, ... . Here the last term denotes the
contributions of the coupling terms between χMA and χBr, which
can be determined rigorously by obtaining exhaustive sets of
energetics for the wide range of χMA and χBr. However, it is nearly

Figure 3. Formation free energies (ΔFf) of trigonal phase (blue) and
hexagonal phase (red), and the reaction enthalpy for the chemical
decompositions (ΔHd, black). (a) MA substitution leads to the phase
transition from hexagonal to trigonal at χMA = 0.77, which then
decomposes the perovskite structure at χMA = 0.90. (b) Br substitution
stabilizes the trigonal phase for the region of 0.51 < χBr < 0.95. However,
due to the existence of the miscibility gap at 0.31 < χBr < 0.84, high
enough concentration of Br cannot be achieved.

Figure 4. Change in relative phase stability and band gap during dual site alloying (phase map). (a) Formation free energies of trigonal phase (blue;
ΔFf(tri)) and hexagonal phase (red; ΔFf(hex)) of FA1−χMA

MAχMA
Pb(I1−χBrBrχBr)3. (b) Color map showing the relative free energy between trigonal and

hexagonal phases,ΔΔF (=ΔFf(tri)−ΔFf(hex)). The phase transition line is defined as the line satisfyingΔΔF = 0 (black solid line). (c) Cation and halide
mixing changes the band gap of trigonal α-phase perovskite. Using the DFT calculated band gaps (Eg) of four different perovskites, Eg of mixed
perovskites is estimated using Vegard’s law. (d) Change in Br content (χBr; green) and estimated band gap (Eg; blue) as a function of MA content (χMA)
along the phase transition line.
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impractical to sample such a vast range of configurational space
using first-principles based calculations. In this study, we
therefore assumed that there is no contribution from the
coupling term, which is valid for the dilute region at least. By
plugging GQCA results for ΔFm@A and ΔFm@X into eqs 5 and 6,
we calculate the formation free energy of dual-site alloy systems
of ΔFf

FA1−χMAMAχMAPb(I1−χBrBrχBr)
3 for trigonal and hexagonal phases,

i.e., ΔFf(tri) and ΔFf(hex), respectively. Then, the relative free
energy between two polymorphic phases is defined as ΔΔF (≡
ΔFf(tri) − ΔFf(hex)).
Figure 4a shows the change in ΔFf(tri) and ΔFf(hex), and Figure

4b shows the color map of ΔΔF as a function of χMA and χBr. To
illustrate how the compositional engineering alters the material’s
properties, the band gap change during dual site alloying is also
predicted using Vegard’s law in Figure 4c. The phase boundary
(defined as the line satisfying ΔΔF = 0) shows that the
compositional engineering at a single site (either A- or X-sites)
requires a high MA or Br content degrading the optimal material
property of α-FAPbI3, while the compositional engineering at
dual sites (both A- and X-sites) allows the efficient phase
transition even with a low Br content. In contrast to the only
halide mixing case (Figure 5a), for the case of alloying with an
equal amount of MA and Br, i.e., χMA = χBr, we find that the α-
phase can be stabilized at χMA = χBr =∼0.2, and themiscibility gap
disappears at room temperature (Figure 5b); the former is in
good agreement with the previous experimental results reported
by Seok’s group, where the XRD measurement confirmed that
the formation of the δ-phase can be entirely suppressed at χMA =
χBr = 0.15 (i.e., FA0.85MA0.15PbI2.55Br0.45),

11 and the latter well
explains the experimental results about the crystallinity of FA-
based PSCs depending on the Br contents reported by the Snaith
group.29 Furthermore, among four end members of the two-
dimensional phase map, we find that MAPbBr3 shows the largest
energy difference between the δ- and α-phases. Bearing in mind
that the mixing enthalpies and entropies between different
perovskites are relatively small (under 100 meV), this implies
that MAPbBr3 can be considered as an antistabilizer for δ-
FAPbI3. This suggests that we would be able to select the
preferred crystal structures by adding another possible
antistabilizing component, that destabilizes unwanted lattice
structures.
Figure 4d shows the change in the Br content (χBr) and the

predicted band gap as a function of MA content (χMA) at the

phase boundary. This implies that there could be extra room for
the compositional engineering of the lower band gap and thereby
a higher efficiency. This can be achieved by slightly increasing the
MA content while decreasing the Br content; albeit, the
quantitative prediction made here contains a certain degree of
error propagated from the error in the DFT calculation of the
band gap.

3.5. Limitations of the Goldschmidt tolerance factor in
organic−inorganic hybrid perovskite systems. The Gold-
schmidt tolerance factor is a well-known indicator for the
stabilization of cubic perovskites,50 and there have been several
studies to explain the enhanced stability of PSCs using the
tolerance factor.27,51,52 As such, we attempted to interpret our
results using the concept of the tolerance factor. The
Goldschmidt tolerance factor, t, for ABX3 perovskite is defined
as (rA + rX)/(√2(rB + rX)), where rA/B/Xmeans the ionic radius of
A, B, or X. Using the previously determined ionic radii of MA,
FA, Pb, I, and Br (rMA = 2.17 Å, rFA = 2.53 Å, rPb2+ = 1.19 Å, rI− =
2.2 Å, rBr− = 1.96 Å),51 the tolerance factor of FAPbI3 becomes
tFAPbI3 = 0.987, supporting the polymorphic formation of

hexagonal and trigonal phases, since the value is close to unity.
The effective cation size can be reduced by substituting MA for
FA, which decreases the tolerance factor to 0.912. This explains
the DFT results showing that the trigonal phase becomes
gradually more stabilized over the hexagonal phase as the MA
concentration increases. Since the tolerance factor ofMAPbBr3 is
0.927, which is smaller than tFAPbI3, simultaneous mixing of

cations and halides is expected to be helpful in suppressing the
hexagonal phase.
However, substituting Br for I increases the tolerance factor to

1.008, which indicates the more favorable formation of the
hexagonal phase. This is in contrast to our DFT results and the
previous experimental results. We conceive that the failure of the
simple Goldschmidt tolerance factor is due to the strong
nonideal behavior of halide mixing (strong enthalpic effect as
aforementioned). This presumably originated from the sub-
stantial covalent character of the Pb−X bond, which is in contrast
to the cation mixing case.53 This suggests the need for the
extended concept of the tolerance factor in explaining the halide
mixing, in order to make it a predictive tool in designing stable
PSC materials, which requires further in-depth research.

Figure 5. Change in miscibility gap. Phase diagrams of the trigonal FAPbI3 (a) during mixing only at the X-site, i.e., FAPb(I1−χBrBrχBr)3, and (b) during
mixing both at A- and X-sites with equal amounts of MA and Br, i.e., FA1−χMAχPb(I1−χBrχ)3. Phase boundaries for the binodal decomposition and
spinodal decomposition are displayed; regimes when the solid solution phase is stable (s; white), metastable (m; yellow), and unstable (u; green). Red
dashed horizontal line shows the miscibility gap at room temperature.
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4. CONCLUSION
In summary, we elucidated the effect of cation/anion mixing on
phase stability using first-principles-based DFT energetics
combined with the statistical ensemble average method of
GQCA. We found that the cation mixing at the A-site is mostly
driven by configurational entropy because the mixing enthalpy is
not substantial. We also found that the halide mixing at the X-site
of α-FAPbI3 is mostly driven by enthalpy, yielding a substantial
miscibility gap. To avoid the immiscibility, and also to maintain
the good band gap property of α-FAPbI3, it becomes critically
important to induce a δ- to α-phase transition while keeping the
Br content low. We found that dual-site alloying of MA and Br
both at A- and X-sites cooperatively stabilizes the α-phase,
thereby allowing the δ- to α-phase transition with a low Br
content. For further optimization of the PSCs, it is suggested that
lowering the Br content, and thereby further decreasing the band
gap, is required. We anticipate that our study provides
fundamental guidelines for compositional engineering toward
the development of PSCs with an improved performance. For
instance, we conceive that mixing many different elements at the
A-site would be helpful in stabilizing the materials by maximizing
the configurational entropy, similar to the concept of high-
entropy alloys.54 We further envision that computational
screening the component that can highly destabilize the
unwanted phase, i.e., antistabilizer, would be the next direction
to specifically stabilize the promising but unstable perovskite
systems, which can be applied to design new types of perovskite
solar cell materials, e.g., Pb-free PSCs. We believe that the
proposed principles will be useful in controlling and optimizing
activity and stability, which will eventually contribute to the
successful commercialization of PSCs.
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C.; Zakeeruddin, S. M.; Rothlisberger, U.; Graẗzel, M. Entropic
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