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Abstract. With high energy conversion efficiency and low-cost production, hybrid organic–inorganic perovskite solar
cells (PSCs) have the potential to be alternative to silicon-based technology. However, there are concerns about their longterm stability and environmental friendliness, which must necessarily be addressed to enable large-scale commercialization of PSCs. Here, we use first-principles theory to determine and understand the effects of humidity on the
T-dependent tetragonal to cubic structural transition in CH3NH3PbI3, which can impact the long-term stability of its
properties. We show that ferroelectric vs. antiferroelectric structural ordering in CH3NH3PbI3 is influenced by humidity.
Within first-principles density functional theory, we determine the lowest energy configurations of dipolar ordering in
CH3NH3PbI3xH2O and effects of their interaction with H2O molecules. Developing a simple effective Hamiltonian to
model these configurations, we use Monte Carlo simulations to determine temperature-dependent structural phase transitions in CH3NH3PbI3. We establish ferroelectric ordering in MAPbI3 at low temperature, and demonstrate that it
changes to antiferroelectric ordering of MA? cations at x [ 0.2 in CH3NH3PbI3xH2O.
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Introduction

Organic–inorganic hybrid ABX3 perovskites (where A is an
organic cation, B is a divalent metal and X is a halide anion)
have been a subject of intense research, since the report of
first hybrid-based perovskite solar cell in 2009 [1]. This is
because of a remarkable combination of properties they
exhibit: high power conversion efficiency (*20%) [2],
useful optoelectronic properties, such as high carrier
mobility, long carrier diffusion lengths [3,4], high absorption coefficients, widely tuneable band gap (from 1.5 to 2.3
eV) [5,6] and low exciton binding energy [7,8]. One of the
most promising hybrid perovskites is methylammonium
lead iodide (CH3NH3PbI3, MAPI), which led to remarkable
enhancement in power conversion efficiency of perovskite
solar cells from 3.8 to 20% in less than a decade [2]. They
are easy to synthesize with solution-based methods [9]
enabling cost-effective and scalable production with outstanding optoelectronic properties.
þ
CH3 NHþ
3 cation (MA ) occupies the A site in the
ABX3 perovskite structure and PbI6 units constitute BX6
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octahedra. MAPI undergoes structural phase transitions
from orthorhombic (Pnma) to tetragonal (I4/mcm) phase
 phase at 327 K
at 162 K and tetragonal to cubic (Pm3m)
[5]. At room temperature, it is stable in the tetragonal
structure with a band gap of 1.58 eV [6], ideally suitable for photovoltaic applications. The range of temperature of stability in the tetragonal phase determined by its
structural transitions is thus, quite relevant to its performance in a photovoltaic cell. MAþ cations, being polar,
exhibit orientational disorder and rotational dynamics,
which have been extensively investigated in several theoretical [10,11] and experimental works [12,13]. Some of
them report the most favourable orientation of MAþ to be
[100] with C–N bond axis aligned along [100] direction,
due to strong N–H–I interactions [11]. It can reorient
along six symmetry equivalent directions, and readily
rotate around the axial C–N bond. The high temperature
cubic phase has a higher symmetry with MAþ cations at
the inversion centre of the inorganic cage, and their
random dipolar orientations give an orientationally disordered phase. Thus, the room temperature tetragonal
phase is partially ordered with MAþ cations undergoing
rotations around the C–N bond axis. The orientational
ordering of MA? dipoles in the tetragonal phase exhibits
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a combination of crystallographic C4 rotational symmetry
and molecular axial C3 rotational symmetry. The
orthorhombic phase which is stable at much lower temperature arises from the removal of C4 symmetry due to
freezing of dipoles in a specific orientation [14]. The
present work is focussed on changes in the ordering of
MAþ dipoles associated with tetragonal to cubic structural transition, we do not consider the orthorhombic
phase which has lower energy and occurs at much lower
temperature.
A fundamental issue in recent discussions is the possibility of ferroelectricity in the tetragonal phase. Very unusual shaped polarization vs. electric field (P–E) loops have
been reported in literature [15], concluding the system to be
ferroelectric. Another work [12] suggested non-polar nature
of CH3NH3PbI3 noting lossy contribution to the polarization
data. Experimental work of Sharada et al [16] found the
absence of second harmonic generation (SHG) in the
tetragonal structure, suggesting that it is a non-polar phase.
However, several ab initio calculations suggest that it is
polar [12]. Thus, the fundamental nature of ordering of
MAþ and associated ferroelectricity in MAPbI3 need to be
understood.
Limitation on large-scale commercial utilization of
PSCs is imposed by the inherent material instability.
MAPbI3 films are known to be quite sensitive to air and
moisture, which influence its crystal structure, and may
have detrimental effects on the power conversion efficiency of its device [17–19]. Some experimental studies
investigated reversible degradation of CH3NH3PbI3 in the
presence of moisture, leading to formation of a monohydrate phase (CH3NH3PbI3H2O) followed by a dihydrate phase (CH3NH3)4PbI62H2O [6,20]. Excess water
leads to irreversible decomposition of CH3NH3PbI3 into
CH3NH2, PbI2 and HI [20]. Intercalation of water molecules into MAPbI3 lattice is expected to affect the
ordering of MAþ cations due to hydrogen bonding
between MAþ and polar water molecules, and alter its
structural phase transitions.
Here, we focus on the tetragonal phase of CH3NH3
PbI3 with particular attention to the ordering of its MA
dipoles and how it transforms to cubic phase upon
heating. Our work is motivated by the experimental
work by Sarkar and Group [21] where they study
tetragonal–cubic (T–C) phase transition in CH3NH3PbI3
grown and kept under different conditions (at lower
pressures approaching vacuum) possibly representing
varied humidity. Thus, a goal of our work is to determine how humidity or intercalation of water molecules
into the lattice, influences the orientational ordering of
MA? dipoles that is associated with the tetragonal to
cubic phase transition in CH3NH3PbI3. With first-principles theoretical analysis that involves (1) density
functional theoretical simulations of effects of interaction of moisture (intercalated H2O molecules) with MAþ
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cation and the lattice and (2) prediction of T–C structural phase transitions with Monte Carlo simulation of a
first-principles model Hamiltonian, we explore how
humidity may affect T–C phase transition in MAPI.

2.

Methods

Our first-principles calculations are based on density functional theory as implemented in the Quantum Espresso code
[22]. We used ultrasoft pseudopotentials [23] to model
interaction between ionic core and valence electron, and
Perdew Burke Ernzerhof (PBE) functional of exchangecorrelation energy derived within a generalized gradient
approximation (GGA) [24]. We included van der Waals
interactions using the DFT-D2 Grimme’s scheme [25] that
are relevant to weak interactions between MAþ cation, H2O
and the inorganic cage (PbI3). In simulations of various
pﬃﬃﬃ pﬃﬃﬃ
structures of tetragonal MAPbI3, we used a 2  2  2
supercell containing four formula units of MAPbI3, i.e., 48
atoms, at the experimental lattice parameters, a = 8.80 Å
and c = 12.71 Å [26]. Energy cut-offs of 40 and 320 Ry
were used to truncate the plane wave basis set to represent
Kohn–Sham wave functions and charge density, respectively. We used 3  3  2 uniform mesh of k-points for
sampling Brillouin zone integrations, and optimized crystal
structures through minimization of energy until the magnitude of each component of Hellman–Feynman force is
\0.001 Ry Bohr-1. To simulate effects of moisture, we
pﬃﬃﬃ pﬃﬃﬃ
introduced two H2O molecules in the 2  2  2 supercell of MAPbI3, and used internal structural relaxation to
determine the local minima of energy maintaining the
experimental lattice constants.
To simulate orientational disorder of dipoles of MAþ and
temperature-dependent phase transitions, we construct an
~i Þ on the cubic lattice,
effective Hamiltonian of spins ðS
where each spin represents electric dipole of MAþ such that
~i j ¼ 1. As the lattice constants of tetragonal and cubic
jS
structure of MAPI differ within 1–2%, we ignore the effects
of coupling to strain, which are known to be important in
inorganic oxide perovskites [27]. We used Monte Carlo
simulations of this effective Hamiltonian on 8  8  8 unit
cells of MAPbI3 to predict the phase transition behaviour.
Thus, orientational disorder of MAþ dipoles is captured
with *25,000 configurations of MC simulations.

3.
3.1

Results and discussion
Structure of MAPbI3xH2O

The tetragonal structure of MAPbI3 consists of four formula
pﬃﬃﬃ pﬃﬃﬃ
units ( 2  2  2 unit cells of the cubic phase, 48 atoms).
The MAþ cation carries an electric dipole moment, whose
direction is parallel to the C–N bond axis. Four MAþ
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Figure 1. (a) Configurations of methylammonium lead iodide in the tetragonal phase corresponding to different dipolar ordering of
MAþ cations indicated by arrows, (b) the lowest energy structure after internal relaxation, (c) electronic structure and (d) projected
density of states of the optimized structure shown in (b).

Table 1. Relative energies (eV f.u.-1) of the relaxed structures
of S1, S2 and S3 dipolar contributions of MAPbI3xH2O (see
figure 2a).
Energy (eV f.u.-1)
MAPbI3xH2O
x
0
0.5

S1

S2

S3

0
0.11

0.04
0.008

0.12
0

dipoles at A sites can have different orientations. We considered several orientations of MA? in the initial structure
during optimization leading to ferroelectric (FE) and antiferroelectric (AFE) states as shown in figure 1a. Structural
relaxation starting with these initial configurations reveals
that the lowest energy configuration of MAPbI3 is ferroelectric with orientation of MAþ in [001] direction, due to
strong N–H–I interactions between CH3 NHþ
3 and the inorganic lattice PbI3 (figure 1b and table 1). This is consistent
with the earlier theoretical work by Fan et al [12] where
they establish ferroelectric structure as the globally
stable one among various possible orderings in the
tetragonal structures. However, they did not report

room-temperature ferroelectricity based on polarization–
electric field hysteresis measurements and piezoresponse
force microscopy in their experiments [12]. We examined
electronic structure as a function of orientation of MAþ
cation in S1, S2 and S3 configurations (figure 1a) to study
the effect of MAþ orientation on electronic properties of
CH3NH3PbI3. The electronic structure of the lowest energy
configuration exhibits a direct band gap (Eg ¼ 1:94 eVÞ at
C point (figure 1c) which is overestimated with respect to
the experimental band gap of 1.58 eV [6] by 19%.
This is known to be an effect of the spin–orbit coupling
(SOC). Projected density of electronic states shows that I
(5p) orbitals dominate in contribution to states at energies
below the valence band maximum (VBM), and Pb (6p)
orbitals dominate the unoccupied states above the conduction band minimum (CBM) (figure 1d). There is weak
contribution from Pb (6p) and I (5p) orbitals to valence and
conduction bands, respectively, reflecting their mixing and
some covalency in Pb–I bonds. The states made of orbitals
of organic cations are far below the band gap region. Hence,
the nature of electronic energy bands near the gap is
essentially unaffected by the MAþ orientation, and the
inorganic PbI3 units dictate the frontier states and electronic
properties of CH3NH3PbI3 perovskite.

304

Page 4 of 7

Bull Mater Sci (2020)43:304

Figure 2. Atomic and electronic structures of MAPbI3xH2O (x = 0.5) representing effect of humidity in ambience: (a) the lowest
energy structure of MAPbI3xH2O (x = 0.5), (b) electronic structure and (c) projected density of states of the optimized structure.

To determine the effects of humidity, we introduce two
pﬃﬃﬃ pﬃﬃﬃ
water molecules into a 2  2  2 supercell of tetragonal structure of MAPbI3. MAþ cations reorient upon
structural relaxation of the initial configurations S1, S2, S3,
and the lowest energy configuration exhibits antiferroelectric ordering of MAþ cationic dipoles (table 1). We
used internal structural relaxation to determine the local
minima of energy maintaining the experimental lattice
constants. However, if we optimize the cell of each configuration, the cell is expected to expand only slightly due
to small stresses (*0.2 GPa) on the system after ionic
relaxation, due to hydrogen bonding interactions between
the water molecules and the methylammonium cations. As
these stresses are quite small, we expect changes in the
cell volume to be tiny (within fraction of a percent),
consistent with what was experimentally seen in ref. [21].
Such small changes in lattice constants would not change
the relative energies in our analysis notably, and hence, we
did not include them. Intercalation of H2O into MAPbI3
lattice results in structural distortions due to interactions
including hydrogen bonding between MAþ and H2O
molecules (figure 2a). This is in contrast to a typical
inorganic perovskite (e.g., BaTiO3) in which H2O cannot
readily enter the lattice and interact with the A cations
(e.g., Ba), due to small size of the lattice unit (lattice
constant of BaTiO3 is *4 Å) and lack of adequate interstitial space available for H2O. In contrast, lattice parameters of MAPbI3 in tetragonal phase are large (a ¼ 8:80 Å
and c ¼ 12:71 Å) creating enough interstitial space for
intercalation of water molecules and notable interaction
with the organic cations. Energy of intercalation of a
single H2O molecule in two MAPbI3 units is,
E2MAPbI3 þH2 O  E2MAPbI3  EH2 O ¼ 0:76 eV: Electronic
structure of MAPbI3xH2O (x = 0.5) exhibits a direct band
gap at C point, 1.93 eV (figure 2b). This is only slightly
different from that of MAPbI3 (figure 1c) because the
electronic states of organic cations and H2O molecules are
deep in energy with respect to the gap, as evident in the
projected density of states for MAPbI3 (figure 1d) and

Table 2. Longitudinal ðaL Þ and transverse ðaT Þ coupling constants (in eV) for MAPbI3xH2O.
MAPbI3xH2O
aL
aT

x=0

x = 0.5

-0.021
-0.029

0.052
0.028

MAPbI3xH2O (x = 0.5) (figure 2c). The O (2p) orbital
states of H2O molecule are located deep in the valence
band. Dominant contribution to the states at VBM comes
from I (5p) orbitals, while Pb (6p) orbitals dominate the
unoccupied states at the CBM. Hence, only electronic
bands near the gap are weakly affected by changes in the
MAþ dipolar orientation and interaction of lattice with
H2O molecules. This is consistent with small changes in
the band gap seen in ref. [28], and Fermi energy is
essentially unaffected.

3.2

Construction of effective Hamiltonian

Interaction of an H2O molecule with the MAPbI3 lattice
distorts the structure locally and influences the orientational
ordering of MAþ cations. We developed a simple effective
Hamiltonian to capture the physics of low energy configurations of MAPbI3 and MAPbI3xH2O obtained from firstprinciples. We map each MAþ dipole onto a classical spin
and write a model Hamiltonian as a classical Heisenberg
model with spins on the cubic lattice. MAþ dipole at each
~ j ¼ 1. Such
site is represented with a spin ~
S i ; such that jS
i
þ
approximation of an MA dipole is justified by relatively
low energies of its occupied electronic states. The effective
Hamiltonian is:
X L L
X T T
~
~
H ¼ H0 þ aL
Si  ~
S j þ aT
Si  ~
S j;
ð1Þ
hi;ji

hi;ji
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Figure 3. Temperature-dependent specific heat and order parameter: (a), (b) for ferroelectric to paraelectric transition in MAPbI3
(x = 0) (left panel), and (c), (d) antiferroelectric to paraelectric phase transition in MAPbI3xH2O (x = 0.5) (right panel).

where aL and aT are the longitudinal and transverse coupling constants, whose values were determined from the
first-principles calculations (see table 2).
We analyse this effective Hamiltonian using Monte Carlo
simulations of 8  8  8 unit cells of MAPbI3xH2O, and
determine its structural phase transition behaviour by calculating averages of order parameters of ferroelectric and
antiferroelectric ordering of pseudospins:
N
X
~
~¼ 1
M
S ði; j; kÞ;
N 3 i;j;k¼1
N
X
~ AFE ¼ 1
M
ð1ÞðiþjþkÞ~
S ði; j; kÞ:
N 3 i;j;k¼1

ð2Þ

From the results of Monte Carlo simulations of temperature-dependent specific heat and order parameters (shown in
figure 3), we find an anomaly in the specific heat data at

Tc ¼ 329 K for MAPbI3 (x = 0) (figure 3a) and at Tc = 576 K
for MAPbI3xH2O (x = 0.5) (figure 3c).
The order parameter (M) averages to zero in the nonpolar phase above Tc = 329 K due to thermal fluctuations,
whereas it is non-zero in the tetragonal phase as a result of
ferroelectric ordering of MAþ dipoles (see figure 3b). This
corresponds to a ferroelectric to paraelectric phase transition in MAPbI3 when kept under vacuum (no H2O in the
lattice). However, order parameter (MAFE) is non-zero
below Tc = 576 K (figure 3d) as a result of antiferroelectric
ordering of MAþ dipoles in MAPbI3xH2O (x = 0.5),
marking an antiferroelectric to paraelectric phase transition
in MAPbI3xH2O when kept under ambient conditions.
Thus, interaction of H2O intercalated into the lattice influences the ordering of MAþ cations and changes in it from
ferroelectric to antiferroelectric at x ¼ 0:2.
To determine phase transitions at intermediate concentrations of H2O, we interpolate the values of longitudinal
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MAPI lattice (CH3NH3PbI3xH2O). Using energies of various ordered configurations of MA? dipoles obtained from our
first-principles calculations, we constructed an effective
Hamiltonian and analysed it using Monte Carlo simulations.
We confirm ferroelectric ordering of dipoles of MAþ cations
in MAPbI3 in vacuum (x = 0) and show that the presence of
moisture leads to stabilization of their antiferroelectric
ordering. Thus, MAPbI3 is antiferroelectric in nature when
kept in high humidity ambient conditions due to possible H2O
intercalation into MAPbI3 lattice. Our T–x phase diagram
should help in rationalizing the contrast in MAþ cation
ordering reported in earlier works [12,29,30], through its
sensitivity to external conditions, such as humidity.
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Figure 4. Phase diagram of MAPbI3xH2O as deduced from our
MC simulation results.

ðaL Þ and transverse ðaT Þ coupling constants. We determine
transition temperature at a few values of x by analysing the
effective Hamiltonian (equation (1)) in Monte Carlo
simulations:
aT ð xÞ ¼ 0:115x  0:029;
aL ð xÞ ¼ 0:145x  0:021;

ð3Þ

and consolidate our results in a T–x phase diagram (figure 4) of MAPbI3xH2O. The abscissa denotes the molar
concentration of H2O in the unit cell. With increase in H2O
concentration, Tc of ferroelectric to paraelectric transition
decreases up to *0.2 molar concentration. Further increase
in H2O concentration stabilizes antiferroelectric ordering of
MAþ cationic dipoles. Thus, MAPbI3 when grown under
ambient conditions, i.e., allowing H2O intercalation in the
lattice, exhibits antiferroelectric ordering of dipoles of MAþ
cations. This is consistent with earlier experimental work
[16] suggesting that MAPbI3 is antiferroelectric at room
temperature and under high-humidity ambient conditions.
The experimental work in ref. [21] is focussed on tetragonal–cubic phase transition in CH3NH3PbI3 grown and kept
under different conditions (at ultra-low pressures
approaching vacuum). While they attributed the changes in
C–T transition to small (1%) changes in volume, our work
suggests that they may also correlate possibly with varied
humidity.

4.

Conclusions

In conclusion, we presented theoretical analysis of effects of
moisture on dipolar ordering of MAþ cations based on firstprinciples calculations of H2O molecules intercalated into
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