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Abstract

The inorganic halide perovskite CsPbI3 has shown great promise for efficient solar cells,

but the instability of its cubic phase remains a major challenge. We present a route for sta-

bilizing the cubic α-phase of CsPbI3 through the control of vacancy defects. Analysis of the

ionic chemical potentials is performed within an ab initio thermodynamic formalism, includ-

ing the effect of solution. It is found that cation vacancies lead to a weakening of the interaction

between Cs and PbI6 octahedra in CsPbI3, with a decrease in the energy difference between

the α- and δ-phases. Under I-rich growth conditions, which can be realized experimentally,

we predict the formation of cation vacancies can be controlled. Other synthetic strategies for

cubic-phase stabilization include the growth of nanocrystals, surface capping ligands contain-

ing reductive functional groups, and extrinsic doping. Our analysis reveals mechanisms for

polymorph stabilization that open a new pathway for structural control of halide perovskites.

Introduction

Metal halide perovskite solar cells (PSCs) are widely recognized as a propitious alternative pho-

tovoltaic (PV) technology, with noticeable improvements in power conversion efficiency (PCE),

and device stability over the past decade.1 The most promising PSCs, so called hybrid-halide per-

ovskites, feature organic monovalent cations — commonly methylammonium (CH3NH+
3 ; MA),

formamidinium (CH3(NH2)+
2 ; FA) or a combination of the two — located at the centre of corner-

sharing metal-halide octahedra. The route to commercialize these materials is currently hindered

by device instability resulting from unavoidable hygroscopicity and thermodynamic effects.

Partial substitution of Cs+ for MA+ or FA+ has been reported to reduce the effect of hygroscop-

icity, and, moreover, the tendency for the visible-light absorbing α-FAPbI3 perovskite phase to

decompose into the wider band gap δ-FAPbI3 non-perovskite phase.2–4 Density functional theory

(DFT) calculations contemplating the effect of doping α-FAPbI3 with MA+, Cs+ or Rb+ suggest

that substituting 50% of the FA+ cations for Cs+ could rationalize the improved phase stability.5,6

Experimentally, however, modifying FAPbI3 with more than 20∼30% Cs+ results in chemical seg-
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regation into distinct CsPbI3 and FAPbI3 regions and the subsequent transition of both materials

from the black perovskite α-phase to the yellow non-perovskite δ-phase.2,3,7,8 The lower solubil-

ity limit observed experimentally may be rationalized by considering the characteristic mismatch

in lattice parameters of Cs and FA, which leads to local strain variations difficult to account for

theoretically in atomistic simulations.7,8 The development of alternative thermochemical routes to

improve the solubility of Cs in hybrid PSCs may be a route to further enhance the performance of

these devices.

In recent years, inorganic cesium lead halide perovskites (CsPbX3; X=Cl, Br, I) have emerged

as promising constituents for optoelectronic devices with improved improved stability perfor-

mance. The application of CsPbX3 in devices such as single-, multi-junction, and tandem solar

cells,9–11 photodetectors,12,13 and light-emitting diodes14,15 has been reported. The most appealing

cesium lead halide material for solar cell application is α-CsPbI3, which, due to its appropriate

band gap (ca. 1.7 eV) and other promising optoelectronic properties,10,16 has realized a PCE of

11.7%. However, the phase transition from α-CsPbI3 into the non-perovskite δ-CsPbI3 sponta-

neously occurs at room temperature, as mentioned above, due to the lower internal energy (by 17

kJ/mol).17,18 The δ-phase of CsPbI3 is inappropriate for solar application as it has a band gap of

2.8 eV at room temperature.16 Experimental observations clarify the true nature of cubic CsPbI3

as a dynamical average state between the symmetry-broken local minima phases.19 That is, α-

CsPbI3 is a metastable phase located on the saddle point of a double-well potential whose minima

are located by equivalent δ-phases20 or tilted cubic phases.21 Thus, the stability of the apparent

α-phase is determined by the potential energy barrier for the lattice distortion. As such, the effect

of anharmonicity on the lattice dynamics of cubic CsPbI3 has also been emphasized.20–22

Many approaches to improve the synthesis and room temperature stability of α-CsPbI3 crys-

talline thin films, mainly through reducing crystal size, have been proposed.10,23 These include:

(1) Br – or Cl – incorporation into CsPbI3,24,25 (2) addition of hydroiodic acid (HI) into precursor

solutions,10,16,26 (3) decreasing crystal size (nanocrystal quantum dots)11,17 and dimension (quasi

2D or 1D),10,26,27 and (4) anion exchange from colloidal and sintered CsPbBr(Cl)3 nanocrystals
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(NCs).18,28,29 Replacing conventional surface capping ligands (SCLs), such as oleic acid (OA), by

other solvating agents has also been shown to produce α-phase CsPbI3 with high NC quality and

improved stability. Specifically, the agents trioctyl phosphine (TOP),30,31 bis-(2,2,4-trimethylpentyl)phosphinic

acid (TMPPA),32 diphenyl phosphinic acid (DPPA),33 iminodibenzoic acid (IDA),15 and poly-

vinylpyrrolidone (PVP), have been shown to produce stable cubic grains with size up to the mi-

crometer scale.34 Replacing lead ions with divalent (Ca2+)23 or trivalent (Bi3+, Sb3+) cations,35,36

has also been reported as an alternative route to enhance the α-phase stability at relatively low

temperature (∼100 ◦C).

Although the justification of each individual strategy is reasonable, they are often elusive or

incompatible with other models. For example, α-CsPbI3 NCs were believed to be stable on ac-

count of either: (1) Cs replacement by large organic amine cations which increase the tolerance

factor, or (2) sufficient surface energy gain compensating the internal energy difference.9,17 Neither

regime has been supported by a quantitative thermodynamic demonstration, however. Moreover,

fabrication techniques employing iodine exchange and surface passivation, which produce stable

crystalline samples of α-CsPbI3 with average grain size over 1 µm,18,34 casts a doubt on whether the

α-phase stability is only related to the crystal size and the surface energy. Very recently, Marronnier

et al. found meta-stable β- and γ- perovskite phases, with space groups P4/mbm and Pbnm, re-

spectively, when heating above the melting point (757 K) and supercooling to room temperature.21

The authors explain that the nano-size effect results from the prevention of polar disorder of the

δ-phase.21 This view contradicts the high temperature instability of δ-phase, since the entropic gain

from polar disorder is expected to improve its stability at high temperature.

The addition of HI has been qualitatively explained to accelerate the crystallization of smaller

grains owing to the reduced solubility of Cs precursors and to the increased crystal strain.9,16 An

alternative report suggests instead the effect is related to a reduction of the transition energy barrier

for α-phase.10 The inclusion of surfactants has been experimentally observed to manifest large in-

creases in PCEs, from 2.9%16 to 11.8%,10 which provides a hint toward the relationship between

defects and the stability of CsPbI3. Whether it is stabilizing in terms of Gibbs free energy or an in-
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creased activation energy for phase transformation, compensation of the internal energy difference

is the key factor for rationalizing the α-phase stability. However, because the fabrication of CsPbI3

is commonly based on solution processing, the stabilization of the α-phase should be studied and

explained in correlation with the thermochemistry of solvents, anti-solvents, surfactants and other

concomitants like PbI2, CsI and HI.

In this work we develop and apply an ab initio atomistic thermodynamic formalism for defects

in halide perovskites that considers solvated ions in aqueous or electrolytic solution. By doing

so, we are able to reproduce experimental situations and make realistic predictions. Chemical

potentials of solvated ions (Cs+, Pb 2+, I – ) as a function of temperature and concentration are

determined quantitatively, and referenced to the DFT total energies and experimental Gibbs free

energies of formations. Using this formalism, we study the defect physics of vacancies in α- and δ-

CsPbI3 in equilibrium with a solution environment. It is predicted that the stability of α-CsPbI3 can

be enhanced through the formation of charged cation vacancies. We suggest that cation vacancies

are likely to be formed by introducing I – -rich conditions, surface treatments that contain more

reductive or less Lewis acidic functional groups, and n-type doping.

Methods

Ab initio thermodynamics of defects including solvent effects

The study of point defects, such as vacancies, interstitials and antisites, is often performed using

ab initio thermodynamics. The formation energy (∆G) of a point defect D in charge state q is

given as a function of both the atomic chemical potential, µ, and the Fermi energy, EF . The atomic

chemical potential is referenced to that of an element in its standard state, for example, Pb(s) or I(s).

The Fermi energy is given with respect to the valence band maximum of the perfect crystal and

represents the electron reservoir. For moderate defect concentrations (< 1 %) and temperatures (<

1000 K), the vibrational entropic effects in crystalline solid are often negligible.37 Consequently,

the defect formation energy is usually considered equivalent to the formation enthalpy, ∆H f , which
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can be written as:38

∆G[Dq] ≈ ∆H f [Dq] = E[Dq] − Eperf −
∑

i

niµi + qEF + Ecorr (1)

Here, Eperf and E[Dq] are the total energy of the perfect, and of a defect-containing supercell, and

ni is the number of added or removed i-type species. Ecorr is a correction energy that considers the

finite size effect of periodic supercells, the effect of band-filling, and electrostatic potential align-

ment. In this scheme, thermodynamic constraints on defect formation are indirectly reflected on the

chemical potentials of constituent elements in certain environmental conditions during synthesis

or post-processing.

Previous studies contemplating the effect of growth conditions on defect formation in halide

perovskites have considered the DFT total energies of precursors, such as CsI and PbI2.39–43 How-

ever, the ionic nature of chemical bonding in the metal-halide octahedra44 and the electrolyte so-

lution environment of synthesis or of dissociation cannot be completely described through this

procedure.9,16,17 Consequently, only qualitative justification for the reduction of recombination

centers, for example, by means of iodine rich or poor growth conditions has been suggested.40

To accurately describe the thermodynamics of fabrication, the chemical potentials should be

those of solvated ions rather than neutral atoms in their standard state. Therefore, with the motiva-

tion of studying the defect physics of CsPbI3, we modify Eq. 1 to account for the effect of solution

that provide a reservoir of charged ions .38,45–47 The revised equation takes the form:

∆G f [Dq](T, P) ≈ E[Dq] − Eperf −
∑

i

niµ
qi
i (T, P) + (q −

∑
i

niqi)EF + Ecorr (2)

where ∆G is the temperature (T ) and pressure (P) dependent Gibbs free energy of formation,

µ
qi
i is the chemical potential of the solvated ion, i, that is surrounded by a solution which is in

charge state qi. Due to lack of data for the thermodynamics of electrolyte solutions, we assume an

aqueous solution environment, as in Ref.21 when applying Eq. 2 for a solution environment that

is composed of coexisting α- and δ-CsPbI3. The success of Eq. 2 is therefore dependent upon

6



whether (µqi
i )aq can be accurately determined by consideration of external parameters alone, such

as ion concentration and solution pH.

The Gibbs free energy of formation for the relevant ions in aqueous solution are determined,

by definition, from the following reactions:48,49

(Cs)s + (H+)aq 
 (Cs+)aq +
1
2

(H2)g, (3)

(Pb)s + 2(H+)aq 
 (Pb 2+)aq + (H2)g, (4)

1
2

(I2)s +
1
2

(H2)g 
 (I−)aq + (H+)aq, (5)

where the subscripts refer to the state of the ion, which may be either solid (s), aqueous (aq), or

gaseous (g). The temperature dependent chemical potentials for each of the reactants and products

that feature in Eqs. 3–5, may be related as follows:

(µ+
Cs)

0
aq − (µ+

H)0
aq = (∆GCs+

f )0
aq + (µCs)0

s −
1
2

(µH2
)0
g, (6)

(µ2+
Pb)0

aq − 2(µ+
H)0

aq = (∆GPb2+

f )0
aq + (µPb)0

s − (µH2
)0
g, (7)

(µ−I )0
aq + (µ+

H)0
aq = (∆GI−

f )0
aq +

1
2

(µI2
)0
s +

1
2

(µH2
)0
g. (8)

Here the superscript, 0, refers to the environmental condition of standard pressure (1 atm). Values

for (∆GCs+

f )0
aq, (∆GPb 2+

f )0
aq and (∆GI−

f )0
aq may be taken from standard tables, as in the hypothetical

ideal solution with molality of m = 1 mol/kg .49 The mathematical procedure for evaluating the

chemical potentials of ions in the solid and gaseous state from DFT calculations50 or from experi-

mental measurement51 is as follows:

µ0(T ) = H0(T ) − TS 0(T ) = H0(0) + H0(T ) − H0(0) − TS 0(T ) (9)

≈ EDFT + ∆µ0(T ) (10)

It is then necessary to introduce a final equation to determine the four unknown chemical potentials

on the left-hand sides of Eqs. 6–8. Any additional ionic reaction equation cannot be linearly
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independent of Eqs. 6–8. Therefore, we employ an approximate solving method, performed by

contemplating the dissociation reactions for PbI2 and CsI:

(PbI2)s 
 (Pb 2+)aq + 2(I−)aq, (11)

(CsI)s 
 (Cs +)aq + (I−)aq. (12)

The change in Gibbs free energies for these dissociation reactions is given by:

(∆GPbI2
dis )0(T ) = (∆GPb2+

f )0
aq(T ) + 2(∆GI−

f )0
aq(T ) − (∆GPbI2

f )0
s (T ), (13)

(∆GCsI
dis )0(T ) = (∆GCs+

f )0
aq(T ) + (∆GI−

f )0
aq(T ) − (∆GCsI

f )0
s (T ), (14)

such that the additional equations may be written,

(µ2+
Pb)0

aq(T ) + 2(µ−I )0
aq(T ) = (∆GPbI2

dis )0(T ) + (µPbI2
)0
s (T ), (15)

(µ+
Cs)

0
aq(T ) + (µ−I )0

aq(T ) = (∆GCsI
dis )0(T ) + (µCsI)0

s (T ). (16)

Here, values for (µPbI2
)0
s and (µCsI)0

s may be approximated by application of Eq. 9 & 10. Solving the

set of simultaneous equations, Eqs. 6–8, 15, 16, using a constrained linear least-squares method,

returns the chemical potential of the ions with minimal errors.

It is also necessary to account for constraints which are physically imposed on the chemical

potentials. Firstly, the formation energy of a vacancy must be positive in order to ensure that

spontaneous dissociation does not occur, leading to:

(µqi
i )0

aq(T ) ≥ Eperf − E[D−qi] − Ecorr (17)

Secondly, it has been experimentally shown that CsPbI3 can be produced from the three constituent
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ions at standard molalities.17,21 This imposes the additional constraint:

(µ+
Cs)

0
aq(T ) + (µ2+

Pb)0
aq(T ) + 3(µ−I )0

aq(T ) ≥ (µCsPbI3
)0
s (T ) (18)

Practically, molar concentrations of solvated ions in an equilibrium state can be measured and

related to the chemical potentials as follows,48,51

(µqi
i )aq(T, P) � (µqi

i )0
aq(T ) + kBT ln(ai) = (µqi

i )0
aq(T ) + kBT ln(λi

mi

m0
i

) (19)

where kB is the Boltzmann constant. The relative molal activity, ai, and molal activity coefficient,

λi, are introduced to account for the non-ideality of physical solution, and relate the molality mi

to the chemical potential in connection with the standard state (m0
i = 1 mol/kg).49 Pressure is

neglected on the assumption of incompressibility of the solution system. Most reported syntheses

of CsPbI3 are performed using a non-aqueous solvent, such as DMSO or DMF. However, these

solvents have comparable solubility parameters to those of water,52 making the assumption of

aqueous media acceptable.

For the stability comparison between the α- and δ-phases with respect to the defect formation,

we adopt the following definition:

Est[Dq] ≡ ∆G[Dq](T, P) − ∆Gperf(T, P) ≈ ∆E[Dq] − ∆Eperf (20)

that represents the relative stability improvement (< 0) or decrease (> 0) of α-phase over δ-phase

CsPbI3 induced by defect formation.

Defect calculation setup

We employ a supercell approach to simulate the effect of defect formation in extended crystals.

Total energy calculations were performed within the framework of DFT using the projector aug-

mented wave (PAW) method53 and PBEsol functional54 as implemented in the VASP code.55 Core
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and valence electrons were treated with scalar relativistic corrections and configurations of Cs-

5s25p66s1, Pb-5d106s26p2, I-5s25p5. Structural optimizations for unit cells of α- and δ-CsPbI3

were performed with a cut off energy of 600 eV and Γ-centered 8×8×8 and 8×4×2 Monkhorst-

Pack special k-points until the magnitude of Hellmann-Feynman forces acting on atoms converged

within 0.001 eV/Å. Using the determined lattice parameters of unit cells, (3×3×3) and (2×3×1)

supercells were built for α- and δ-phase, respectively. Vacancy defects (VCs, VPb, VI), recognized

to be the major point defects in halide perovskites,40,42,43,56 were formed in the perfect supercells,

and ionic relaxations with fixed lattice constants were followed with a cut off energy of 400 eV

and a force tolerance of 0.01 eV/Å using the Γ point only. When the optimized structures of de-

fect containing supercells were obtained, further total energy calculations were performed using

denser 2×2×2 special k-points. For free molecules, one isolated molecule was put into the center

of supercell with a lattice constant of 15 Å and atomic relaxations were conducted to obtain the

DFT total energy.

Finite size effects were considered in the monopole approximation with the calculated static

dielectric constants of 19.5 and 12.4 for α- and δ-phases, respectively. The electrostatic potentials

were aligned with respect to the semicore 5d peaks of Pb atoms at the same position (far away from

the defect) in perfect and defective supercells. Band filling effects were corrected for the shallow

defects of V0
I , V0

Cs, V0
Pb and V−1

Pb .

Results and discussion

Properties of pristine CsPbI3

We show the optimized lattice parameters of solids and bond lengths of molecules treated in this

work in comparison with experiment in Table 1. The PBEsol functional reproduced the lattice

parameters of crystals in good agreement with the experimental data, especially for α- and δ-

CsPbI3
17,42 (see Figure S1 for their optimized unit cells). The total energy per formula unit of

the α-phase was found to be 0.23 eV higher than that of δ-phase, indicating the aforementioned
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Table 1: Optimized lattice constants of crystals and bond lengths of molecules, and density
functional theory (DFT) total energies and chemical potentials (EDFT and ∆µ0) of compounds
per formula unit (f.u.) derived at standard conditions (T = 298 K and P = 1 atm).

Compound Phase Lattice constants / Bond lengths (Å) EDFT ∆µ0

Cal. Exp. (eV/f.u.) (eV/f.u.)
α-CsPbI3 Pm3m a = 6.24 a = 6.18a −11.48 −0.11e

δ-CsPbI3 Pnma a = 10.42, b = 4.75, c = 17.66 a = 10.43, b = 4.79, c = 17.76b −11.71 −0.20e

PbI2 P3m1 a = 4.46, c/a = 1.70 a = 4.56, c/a = 1.53c −7.17 −0.34d

CsI Pm3m a = 4.51 a = 4.57d −4.35 −0.18d

Pb Fm3m a = 4.93 a = 4.95d −3.45 −0.13d

Cs Im3m a = 5.99 a = 6.14d −0.31 −0.18d

I2 Cmca a = 7.51, b = 4.38, c = 9.63 a = 7.18, b = 4.71, c = 9.81d −1.91 −0.22d

I2 gas dI−I = 2.656 dI−I = 2.666d −1.26 −0.70d

H2 gas dH−H = 0.759 dH−H = 0.741d −6.37 −0.32d

aRef.,16 bRef.,57 cRef.,51 dRef.,49 eRef.58

instability of cubic perovskite α-CsPbI3 compared with the δ-phase.

The decomposition energies of CsPbI3 to the constituents CsI and PbI2 were determined to be

−0.04 eV and 0.19 eV for α- and δ-phases, indicating that the α-phase spontaneously decomposes

into the constituents, while the δ-phase decomposition is endothermic. The exothermic total energy

difference (0.04 eV) between α-CsPbI3 and PbI2 + CsI — in agreement with other theoretical

studies42 — does not explain the stability of cubic CsPbI3 at high temperature. As temperature

increases, entropy can contribute to further deterioration of α-CsPbI3 as shown in our former DFT

result.58 However, accepting recent insights into the nature of the α-phase as an average transitional

state between the different lower symmetry phases through octahedral tilting,19–22 the intrinsic

thermal instability of cubic CsPbI3 can be understood in terms of more stable polymorphs.

The calculated band gaps of α- and δ-CsPbI3 are 1.19 and 2.45 eV, respectively. The calculated

gap for the pristine cubic structure is smaller than the measured value of ca, 1.7 eV for the true

α-phase, but close to the prediction (1.08 eV) by many-body perturbation theory, GW+SOC.43

11



Figure 1: Optimized crystal structures of perfect and vacancy-containing supercells of (a) α- and
(b) δ-CsPbI3. Red circles indicate the spatial position of the site vacancies of V−Cs, V−2

Pb and V+
I .

Chemical potentials of solvated ions

At standard conditions, the chemical potential variables of pure metals, solid compounds, and

gases can be estimated using the DFT total energies. Following the procedure outlined above,

the Gibbs free energies of formation of the solvated ions and the crystalline PbI2 and CsI solids

were determined to be (∆GCs+

f )0
aq(Tr) = −292.0, (∆GPb+2

f )0
aq(Tr) = −24.4, (∆GI−

f )0
aq(Tr) = −51.6,

(∆GPbI2
f )0

s (Tr) = −173.6, and (∆GCsI
f )0

s (Tr) = −340.6 kJ/mol.49 From these values, the Gibbs

free energies of dissociation of PbI2 and CsI were calculated to be (∆GPbI2
dis )0

s (Tr) = 46.0, and

(∆GCsI
dis )0

s (Tr) = −3.0 kJ/mol using Eqs. 13 and 14. These values are consistent with the large

difference in their solubility.49,51

To consider the constraints for the chemical potentials, the total energies of perfect and vacancy-

containing (V−Cs, V−2
Pb , V+

I ) supercells for both phases were calculated, Figure 1. Since the δ-phase

is stable at room temperature, Eq. 17 is satisfied for chemical potentials of all the kinds of ions.

For the metastable α-phase, however, only the chemical potentials of Pb 2+ and I – ions satisfy

the constraint of Eq. 17, because the Pb–I bonding characteristics in PbI6 octahedra is similar in

the two phases of CsPbI3 (Figure S1). The Pb–I bond lengths in α- and δ-phases are 3.12 Å and

3.08∼3.33 Å, which are similar to 3.21 Å in PbI2 with a very low solubility,49 implying high forma-
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Figure 2: (a) Chemical potential ranges of ions (µ+
Cs, µ

2+
Pb , µ−I ) optimized with different constraints

for the minimum value of µ−I from 0.7 to 1.2 eV, and their projections on (b) µ−I –µ2+
Pb and (c) µ−I –µ+

Cs
planes. (d) Corresponding square errors to the optimized chemical potentials, and their projections
on (e) µ−I –µ2+

Pb and (f) µ−I –error planes. Green rectangles include the solution points with a minimum
error of 0.11 eV.

tion energies of Pb and I vacancies at their standard molalities. Moreover, we can assume that the

Pb 2+ ions placed in iodine octahedra are less prone to be lost than the I – ions at the same molalities

due to the stronger electrostatic interaction.59 Otherwise, the second constraint Eq. 18 is applied to

the chemical potentials of ions for both the phases. In order to find the solution ranges as narrow

as possible, we made a systematic variation of the minimum value of chemical potential of I – ion

from 0.7 to 1.2 eV with an interval value of 0.1 eV, resulting in the several sets of solutions with the

corresponding squared residual norms (errors) as shown in Figure 2. The solutions with the mini-

mum error of 0.11 eV were determined to be (µ−I )0
aq(Tr) = 0.93 ± 0.07, (µ+

Cs)
0
aq(Tr) = −5.70 ∓ 0.07,

(µ2+
Pb)0

aq(Tr) = −8.67∓ 0.14, and (µ+
H)0

aq(Tr) = −5.74∓ 0.07 eV. These chemical potentials of ions at

the reference state can be extended to those at any temperature and molality using Eq. 19.

Point defect processes

For vacancy point defects such as VCs, VPb and VI in α- and δ-CsPbI3, we applied both the conven-

tional (Eq. 1) and newly developed methods (Eq. 2) to calculated the formation energies. Thermo-
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Figure 3: Formation energies of vacancy point defects as a function of Fermi energy EF under I-
poor (Cs, Pb-rich) conditions (left panel) and I-rich (Cs, Pb-poor) conditions (right panel) in (a, b)
α-CsPbI3 and (c, d) δ-CsPbI3. The energies are calculated with respect to elemental standard states
(conventional procedure). The dashed vertical lines represent the calculated band gap (conduction
band edge).

dynamic equilibrium can be represented by either neutral or charged constituent species as follows,

µCs + µPb + 3µI = µCsPbI3
= µ+

Cs + µ2+
Pb + 3µ−I (21)

µPb + 2µI = µPbI2
= µ2+

Pb + 2µ−I (22)

µCs + µI = µCsI = µ+
Cs + µ−I (23)

Figure 3 shows the vacancy formation energies in α- and δ-phases based on the neutral species

in the conventional way, where the environmental is described by the chemical potentials of neutral

species satisfying the left-hand side of Eqs. 21–23. Here neutral I-rich and Pb-rich conditions

correspond to bulk phases (see Table 1), whereas the poor conditions can be determined from

Eq. 22 with an assumption of µPbI2
≈ EDFT(PbI2).39 Since bulk CsI is unlikely to coexist with
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Figure 4: Formation energies of vacancy point defects with respect to ionic species (new proce-
dure) as a function of EF under I – -poor (Cs+-, Pb 2+-rich) condition (left panel) and I – -rich (Cs+-,
Pb 2+-poor) condition (right panel) in (a, b) α-CsPbI3 and (c, d) δ-CsPbI3.

CsPbI3 due to its higher solubility than CsPbI3 and PbI2,49 the assumption µCsI ≈ EDFT(CsPbI3) −

EDFT(PbI2) is considered in Eq. 23 to derive Cs-rich and poor conditions. In both I-poor (Pb,

Cs-rich) and I-rich (Pb, Cs-poor) conditions, the δ-phase exhibits higher formation energies of

vacancies (VI, VPb, VCs) than α-phase, indicating the higher stability of δ-phase. In the δ-phase,

the thermodynamic transition level ε(0/+1) of VI is located about 0.44 eV below the conduction

band minimum (CBM) and ε(-1/-2) of VPb is found 0.52 eV above the valence band maximum

(VBM), indicating deep-trap behavior resulted from the weaker Pb 6s-I 5p antibonding character

when compared with α-phase.42 Similar defect analysis has been conducted for α-phase43 and δ-

phase42 with band gaps of 1.44 and 2.54 eV, respectively, using PBE without spin-orbit coupling

(SOC), where all kinds of point defects in CsPbI3 were discussed to guide defect engineering. As

in the former results for MAPbI3,39,40 this does not point out the exact experimental conditions,

especially, for the solution-based fabrication.
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Based on the determined chemical potentials of ions, which depend on physical parameters

such as concentration and temperature of the solution, we can estimate the formation energies of

vacancy defects in CsPbI3, Figure 4. In general, rich and poor conditions of Pb 2+ ion correspond

to extreme concentrations of 1 and 10−20 mol/kg at room temperature, respectively. Using the

right-hand side of Eqs. 21–23, the chemical potential limits of I – and Cs+ ions can be derived in a

similar way to the neutral species. Any intermediate value of chemical potential between the lower

and upper limits can be converted from concentration (or molality) of ions at certain temperature

using Eq. 19.

The slopes of formation energy against the Fermi energy EF are different in the new approach

(Figure 4) compared to the standard approach (Figure 3) for the same charge states. In particular,

the formation energy lines of VCs, VPb and VI defects with charge states of −1, −2 and +1 are par-

allel (zero slopes) to the EF axis for the cases of ionic species in both phases shown in Figure 4,

indicating that the vacancy defects with their major charge states have formation energies indepen-

dent of the Fermi energy, whereas for the cases of neutral species they are observed to have some

slopes as shown in Figure 3. The striking difference in vacancy formation energy originates from

the distinct EF coefficients: q in Eq. 1 for neutral species exchange versus (q −
∑
i
niqi) in Eq. 2 for

ionic species exchange. Importantly, the thermodynamic transition levels of the defects, ε(q1/q2),

remain unchanged.

Cubic polymorph stabilization through vacancy formation

We estimated the relative stabilization energies given by Eq. 20 in order to see whether α-CsPbI3

can be stabilized over the δ-phase through vacancy formation. As can be seen in Figure 5, all

the vacancy defects in neutral and charged states induce the stabilization of α-phase CsPbI3, i.e.

there is a higher cost to forming a fixed concentration of defects in the δ-phase. Among three

kinds of vacancy defects with major charge states, V−2
Pb induces the biggest effect with the largest

stabilization energy of −2.34 eV per defect, while V+
I improves the relative stability by only −0.31

eV. V−Cs has the middle value of −0.87 eV. Other vacancies with different charge states such as
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Figure 5: Relative stabilization energy per defect of α-phase over δ-phase CsPbI3 through forma-
tion of vacancy defects with different charge states. Solid bars represent the major charge states of
vacancies, while dotted bars show oxidized (for VCs and VPb) or reduced (for VI) states.

V−Pb, V0
Pb, V0

Cs, V+
Cs, V−I , and V0

I also show stability improvement of α-phase with −1.62, −1.19,

−0.46, −029., −2.15, and −1.10 eV, respectively. However, these defect charges are not stable in

α-CsPbI3, except V0
I that is stable in a shallow region below the CBM as shown in Figure 4(a) and

(b). These unstable charge states can be formed as intermediates between the stable states in δ-

and α-phases, so that alternative transformation route, for example, V0
Pb (δ)→ V0

Pb (α)→ V−2
Pb (α),

can be supposed.

The total stabilization energy for a certain kind of vacancy defect can be obtained using the

following equation,38,40

Est[Dq](T ) = εst[Dq] · c(T ) = εst[Dq] · c0 e−
H f
kBT (24)

where εst[Dq] is the stabilization energy per defect, c is the equilibrium concentration of defects,

and H f is the defect formation energy. From the requirement due to the internal energy difference

of 0.23 eV/f.u. (21.8 kJ/mol or 9.29×1020 eV/cm3) between the α- and δ−phases, the concentration

of defects can be determined; 1.9% and c = 3.9× 1020 cm−3 for V−2
Pb , 5.6% and c = 1.1× 1021 cm−3

for V−Cs, and 15.7% and c = 3.0 × 1021 cm−3 for V+
I , which correspond to the remarkably low

formation energies of 0.058, 0.033 or 0.006 eV at room temperature. As can be seen in Figure 4(c)

and (d), formation energies of VPb and VCs in the δ-phase are much higher than these values even
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under their poor conditions, while VI approaches this value under I – -poor conditions. However, an

abundance of iodine vacancies should be restrained due to its relatively low activation energy of

migration (≈ 0.2~0.3 eV28,56), which may cause some serious problems for PSC performance.39,60

It is important to find a way to create sufficient amount of cation vacancies, which are notably

difficult to form at room temperature due to their higher formation energies in δ-phase.

Nano-sizing effect

Nano-sizing offers a promising route. In fact, much increased surface-to-volume ratio of nano-

sized particles may promote the formation of vacancies on surface, which will be followed by their

diffusion into the bulk region. Accordingly, migration paths of cations from the inside bulk to the

surface can also be shortened, resulting in the active formation of vacancies in the bulk. In actual

experiment, it was found that the ratio of I:Pb is generally bigger than the stoichiometric ratio of

3:1 on the stable α-CsPbI3 surface, ensuring the preferential formation of surface Pb vacancies.56

Thus former explanation for the nano-size effect as an increased contribution of surface energy

to the internal energy compensation9,11,17 is further amplified by a new microscopic mechanism

related to the formation of cation vacancies.

Iodine-rich conditions

In concert with nano-sizing, I – -rich (Cs+, Pb 2+-poor) growth conditions can also facilitate the α-

phase stability by lowering the formation energy of cation vacancies as mentioned above. In most

experiments for achieving stable α-CsPbI3 nano-crystals, this approach has been already followed.

For instance, iodine sources such as excessive PbI2 used in the anion exchange method17,18,28 and

anchoring molecules for 2D/3D perovskites10,26,27 may realize I – -rich conditions. The introduction

of excess CsI has also been reported to improve the stability and efficiency of PSCs by composing

the atom number ratio as Cs:Pb:I = 2:1:4, which provides the formation of Pb vacancies.36 Advan-

tageous effects of HI10,16 and other metal iodides61 on the α-phase stabilization can be interpreted

similarly as originated from the decrease of Pb 2+ and Cs+ concentrations owing to the rise of I –
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concentration at the equilibrium state.

Ligand engineering

The role of surface capping ligands, also confirmed to further stabilize α-CsPbI3, are likely based

on a similar mechanism. As mentioned in introduction, enhancement of stabilizing effect by re-

placing the conventional ligands such as OA with TOP,30,31 TMPPA,32 DPPA,33 and IDA15 can be

attributed to the stronger interaction between the surface and the ligands, leading to the decrease

of surface energy.34 As reported by Wang et al.,32 however, the ligands were not found to bind to

the surface since the diffusion coefficient is much higher than that of bonded ligands, meaning that

there is a rapid exchange of surface atom-ligand species such as Cs-oleate or Pb-oleate.56 Paying

careful attention to the suggested more effective ligands (TOP, TMPPA, DPPA, PVP and IDA),

it can be found that their functional groups tend to be more reductive or less Lewis-acidic (than

–COO – in OA) owing to their own functional properties or the chains they are linked in (see Fig-

ure S2). Ring structure chains such as aromatic or alicylic compounds (DPPA, IDA) can support

the reducibility of adjacent functional groups with the aid of conjugated electron clouds or nonpo-

larizable tendency, while multidentate (TOP, TMPPA) or polymeric (PVP) ligands may have the

similar affection. More reductive functional groups are conducive to attract metallic cations such

as Cs+ and Pb 2+ placed on a surface or in a solution to form bonding pairs. If the attraction is

strong enough to fully extract metallic cations, bonding pairs will be desorbed from the surface to

be free in a solution. Different charge transferences from OA and IDA to Pb atoms on the CsPbI3

surface were shown by Pan et al.,15 with which the superiority of IDA can be explained in respect

of the above mechanism.

The schematic stabilization mechanism is shown in Figure 6. Since vacancies are considered as

a source of the carrier recombination and chemical decomposition in PSCs,4,40,41 the ligands that

supply cations to passivate surface vacancies are mandatory to attain the phase stability and the

efficiency. Consequently, we postulate that partial or full extraction of metallic cations (especially

Cs+), leading to weakening of the chemical bonding between Cs and PbI6 octahedra, is the driving
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Figure 6: Schematic view of cubic phase stabilization by introducing I – -rich conditions and re-
ductive surface capping ligands. The I – -rich condition allows extraction of metallic cations from
the surface, which are covalently bonded to ligands in solution. Surface cation vacancies diffuse
into the bulk region (marked with red circles) and reduce the internal energy difference between
the black and yellow polymorphs.

force for the α-CsPbI3 stability.

Extrinsic doping

Finally, p-type (hole) doping offers an alternative route for phase stabilization. As shown in Fig-

ure 4(d), V−2
Pb has a high formation energy and transforms to different charge states such as V−Pb and

V0
Pb with lower formation energies as EF moves towards the VBM. The alternative transformation

route of V0
Pb (δ)→ V0

Pb (α)→ V−2
Pb (α) endows a larger energy improvement per defect than the one

of V−2
Pb (δ)→ V−2

Pb (α). Hence, making bulk CsPbI3 p-type with EF < 0.52 eV may be beneficial to

the α-phase stabilization. It can be said that a divalent or trivalent cation doping effect23,35,36 may

be related to this route; although, further theoretical and experimental investigations are needed to

test this hypothesis.
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Conclusions

In summary, we have investigated routes to stabilize the black α-phase of CsPbI3 from an atomistic

chemical perspective. A new ab initio thermodynamic formalism for defect formation in crystalline

solid surrounded by solution, using the chemical potentials of the solvated ions, has been developed

so that a realistic synthetic environment can be considered. This approach has wider implications

for solution processed materials.

For CsPbI3, the formation energies of vacancy defects such as VPb, VCs and VI with different

charge states were estimated by both the conventional defect method using the chemical potentials

of neutral species and the new method using those of ionic species. It has been revealed that the α-

CsPbI3 stabilization is supported by formation of cation vacancies. The internal energy difference

between the α- and δ-phases, representing the relative stability or energy barrier for stabilization,

decreases upon creation of vacancy defects. It was shown that the established nano-sizing effect

originates not only from the surface energy gain compensating the stability difference, but also

from the weakened of bonding between Cs and PbI6 octahedra through vacancy formation (cation

extraction).

Growth conditions that are Cs+- and/or Pb2+-poor are beneficial to α-phase stabilization, which

can be induced by I−-rich conditions or the use of surface capping ligands that are prone to bind

with metallic cations. I−-rich conditions can be realized by excess PbI2 and CsI, or through the

addition of other metal halides and HI, or even by halide containing ligands. In stabilizing the

α-phase, such ligands play an important role and thus one should make efforts to select an efficient

ligand containing more reductive functional groups. Other ligands that supply cationic groups to

passivate the surface vacancies are also mandatory to reduce trap centers and achieve high PV

performance along with the phase stability. Finally, we suggested to make bulk material p-type

doped with EF close to the valence band as a promising way for the cubic polymorph stabilization.

We expect that these avenues are applicable to other perovskite compositions and can provide

general guidelines for controlling phase stability beyond the standard temperature-pressure phase

diagrams established for pristine bulk samples.
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