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The structural phase transition, ferroelectric polarization, and electric properties have been investigated for
photovoltaic films CsMls (M = Pb, Sn) epitaxially grown along (001) direction based on the density functional
theory. The calculated results indicate that the phase diagrams of two epitaxial CsPbls and CsSnls films are
almost identical, except critical transition strains varying slightly. The epitaxial tensile strains induce two
ferroelectric phases Pmc2,, and Pmn2,, while the compressive strains drive two paraelectric phases
P2,2124, P2,2:2. The larger compressive strain enhances the ferroelectric instability in these two films,
eventually rendering them another ferroelectric state Pc. Whether CsPbls or CsSnls, the total polarization
of Pmn2; phase comes from the main contribution of B-position cations (Pb or Sn), whereas, for Pmc2;
phase, the main contributor is the | ion. Moreover, the epitaxial strain effects on antiferrodistortive
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1 Introduction

Due to the improvement of public environmental awareness in
recent years, the direct conversion of solar energy into electricity
has attracted great attention.” Organic-inorganic halide is
a photoelectric conversion material, which is mainly used in
dye-sensitized solar cells (DSCs) because it costs less and the
raw materials are abundant, especially this CH;NH;PbI; mate-
rials.**® In decades, the photovoltaic efficiency has reached
nearly 20% for CH;NH;Pbl; materials, but practicability needs
to improve on account of the volatile and thermodynamically
unstable nature of organic molecules.”® Recently, a stable
hexagonal phase with the face sharing Pbls octahedra rather
than the corner-connected octahedra of CH;NH;PbI; has been
reported based on the first-principles calculations.® While all-
inorganic halides not only made up for the thermodynami-
cally unstable characteristics of organic molecules but also
maintained a high photovoltaic efficiency.’"> Numerous
studies indicate the most ideal photovoltaic materials possess
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properties under epitaxial strains are also revealed and interpreted.

about 1.4 eV band gap.*>** CsSnl; (CSI) materials have band gap
of about 1.3 eV at room temperature.*>™® On the other hand, the
band gap values of CsPbl; (CPI) materials are ranging from
1.75 eV to 2.13 eV, which further reveals that CsMI; (M = Pb, Sn)
are potential candidates for photovoltaic materials.*

Unfortunately, CsMI; (M = Pb, Sn) have phase instability in
the ambient environment. One the one hand, the CSI will
appear Pnma, Pm3m, PA/mbm phase separately when the
temperature changes.'®**** On the other hand, although o-
CsPbl; is the ideal photovoltaic material for CPI,*"** it can easily
form other structures.'**?* Moreover, CsMI; (M = Pb, Sn) have
ferroelectric instability."®

Despite shortcomings, CsMI; (M = Pb, Sn) have their own
advantages. For CSI, firstly, the effective mass of the small pores
directly results in good conductivity, high hole mobility and
large energy.”**” It is found that the black orthorhombic phase
(Pnma) of CSI has one of the highest observed hole mobility in
the p-type semiconductor with a direct band gap.*® Besides, Sn
atom replaces toxic Pb atoms, which can be achieved with an
excellent photovoltaic efficiency®*® and more conducive to the
commercial application of photovoltaic materials for the
future.”*** However, the phase instability of CSI is a critical
hurdle in practical application. On the bright side, the experi-
mentally synthesized CSI nanowires®* had a great commercial
application with the controllable growth direction and size. And
a novel stain-mediated phase stabilization strategy is demon-
strated to significantly enhance the phase stability of cubic o-
CsPbl; phase.?” Thus, CPI as a photovoltaic efficiency material,
the biggest advantage is more stable and efficient.>**° In
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addition, quantum dots of CPI*® produced nearly 100% photo-
luminescence quantum yield. Furthermore, ferroelectric mate-
rial can achieve good photovoltaic efficiency.*>** As we all know,
CsMI; (M = Pb, Sn) are good photovoltaic materials and have
ferroelectric performance,'"*#??%*> such as the BiFeO3, EuTiO3,
BaTiO; and PbTiO; materials. >3-4

Besides, through the study of Sn and Pb halides, we found
that strain or pressure can change the band gap value,***” which
can improve the absorption effect of photovoltaic materials and
enhance the conversion efficiency. Hence, we adopted the misfit
strain (tensile and compressive strain) method to realize the
phase transition and search the suitable band gap of CsMI; (M
= Pb, Sn) halides to photovoltaic materials. The main purpose
was to explore the possible phases of the (001) direction halide
perovskite films. It is worth noting that two paraelectric phases
P2,2,24, P2,2,2 and one polarization phase Pc are found under
compressive strain, which was rarely studied in perovskite films
previously.

2 Computational details

The electronic structures and properties of the CsMI; (M = Pb,
Sn) are investigated based on the density-functional theory
(DFT) as implemented in the Vienna Ab initio Simulation
Package (VASP).** The exchange and correlation functional
PBEsol* implemented the generalized gradient approximation
(GGA) method™ is employed in the whole calculation. The
550 eV as the plane wave energy cutoff and 6 x 6 x 4 k-points in
the irreducible Brillouin zone are applied to relax fully all
structures in this paper. The energy convergence criterion is
107° eV, and force criterion convergence in the structural
optimization is 0.001 eV A~'. For (001) epitaxial films, we
control the lattice constants a; (= v/2 ap) and a,(= V2 ap) in
the plane, and optimize the lattice constant a; (=2a;p + 6) in the
(001) direction. Hence, the lattice parameters a,, a,, a; are
directed along pseudocubic [110], [110] and [001]. Corre-
spondingly, The misfit strain is defined as (@ — ao)/a, in our
work. Then, two different methods are employed to estimate the
electric polarization, one is Berry Phase method> contained
ionic and electronic polarization contribution, the other is Born
effective charges with the atomic displacements:*

e oo
P= V%Zam (1)

Moreover, the space groups of these equilibrium phases are
defined by the FINDSYM program.*® The crystal structures are
drawn by the VESTA software.** The phonon dispersion curve of
a 2 x 2 x 2 cubic supercell is calculated by Phonopy with
density functional perturbation theory (DFPT).>>

3 Results and discussion
3.1 Structural phase transitions

As we all know, the rich structural phases of perovskite-type
compounds can trace back to the phonon instability of highly
symmetric cubic structure (with Pm3m space group). Fig. S1(a)f
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reveal that unstable phonon modes at different high-symmetric
Q points in the ideal cubic structure of CsPbls, as evidenced by,
e.g., gamma point (corresponding to ferroelectric instability), M
point (associated with in-phase antiferrodistortive instability),
and R point (related to anti-phase antiferrodistortive insta-
bility). How does the epitaxial strain effect these phonon
instabilities? Which instability will possess the larger imaginary
frequency and further play a leading role in structural transi-
tions? Let us firstly start from the strain-dependent frequencies
in CsPbl;, as shown in Fig. S1(b)}. The imaginary frequency of
gamma point increases rapidly comparing with that of other
points under lager compressive and tensile strains, which
reveals the possibility of strain-driven ferroelectric phase
transitions.

Based on this possibility, for CsMI; (M = Pb, Sn) films in
epitaxial (001) direction, the rich phase diagram has been
investigated using first-principles calculation by taking
compressive and tensile strains into consideration. In our
investigation, a series of structural phases (such as Pbnm, I4/
mem, Pmc2q, Pmn24, Pna2,, Pc and so on.) are considered to
obtain the stable structures under strain effect. In order to prove
the reliability and effectiveness of our calculations, the total
energy and axial ratio of the most stable phases vs. misfit strains
are plotted in Fig. 1 for epitaxial (001) CPI and CSI thin films,
enriching the phase diagram of CSI film in the epitaxial [001]
direction reported previously.”” Fig. 1 shows that the phase
diagrams of CsMI; (M = Pb, Sn) are basically the same, except
the different misfit strain values of the same phase. Moreover,
the total energy of all the phases contained metastable phases
vs. misfit strains are presented in Fig. S2+ for epitaxial (001) CPI
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Fig. 1 The total energy and axial ratio vs. misfit strain in the [001]
epitaxial CPI and CSI thin films.
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and CSI thin films. Fig. 1 and S21 show that our calculated
results are not consistent with the report previously for CSI,*”
especially in the compressive strain region. Herein, except for
the structural phases Pbnm, PAbm, PA/mbm and Pmc2, reported
by ref. 57-59, several stable phases are found under different
misfit strains. Hence, six equilibrium states Pc, P2,2,24, P2,242,
Pbnm, Pmc2,, and Pmn2, for CPI (so do CSI) can be obtained,
respectively. Correspondingly, the structural diagram of the
most stable phases (Pc, P2,2,2, P2,2,24, Pbnm, Pmc2,, Pmn2,)
are presented in Fig. S3.7 In all calculations, the misfit strains
are calculated as n = (@ — ay)/a,, then we can get different n by
adjusting a. The lattice parameter a, = 8.59 A of ground state
Pbnm for CSI is in good agreement with the previous experi-
mental results.”® The paraelectric phase Phnm can be described
by a~a ¢’ tilting pattern, and the in-plane component of AAFD,,
(antiphase antiferrodistortive) vector is about 8.89° for CPI
(6.71° for CSI) and out-of-plane component of the IAFD, (in-
phase antiferrodistortive) vector is about 12.56° (10.76° for
CSI) seen from Fig. 2.

In the tensile strain region, our results are almost the same
with previous results except for different misfit strain values for
CSIL.>” Whether CPI or CSI film, the stable phases Pbnm, Pmc2,
and Pmn2, have been obtained under the epitaxial strain region.
When the misfit strain varies from 0 to 5.85% for CPI and from
0 to 3.01% for CSI, the phase is still Pbnm. At misfit strain 5.85%
and 3.01%, a phase transition has happened from Pbnm to
Pmc2, for CPI and CSI, respectively. The Pmc2, phase is still
retained with the misfit strain ranging from 5.85% to 6.89% for
CPI, and from 3.01% to 6.74% for CSI, which can be described
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Fig. 2 The polarization and AFD vs. misfit strain in the [001] epitaxial
CPI and CSI thin films, where x, y, and z axes is directed along pseu-
docubic [100], [010], and [001], respectively.
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by a a c¢' tilting pattern. When the misfit strains reach to 6.89%
and 6.74%, a new phase Pmn2, is found for CPI and CSI,
respectively. Pmn2, phase with a”a ¢" tilting pattern would be
retained when the tensile strain increases.

In the compressive strain region, the biggest difference
between our calculated results and the previous results is that
the phases (P2,242, P2,2,24, Pc) are found, but P4bm and P4/
mbm reported previously do not appear.®” From Fig. S2t (seen in
SM), one can see that whether P4bm or P4/mbm has higher
energy than P2,2,2, P2,2,2, or Pc at the corresponding strain
values. When —4.42% < 7 < 0 for CPI (—4.55% < 7 < 0 for CSI),
the ground state is always Pbnm state. When —6.01% < 5 <
—4.42% for CPI (—5.71% < n < —4.55% for CSI), a new equi-
librium phase P2,2,2, appears, which had been reported by
Prosandeev et al. with the property of interfering with ferro-
electric anti-vortex and vortex in BiFeO; material.*”® It's a gyro-
tropic phase transition. When —6.58% < 7 < —6.01% for CPI
(—7.45% < n < —5.71% for CSI), the stable state transforms from
the original P2,2,2, state to the P2,2,2 state. When the 7 rea-
ches to —6.58% and —7.45%, a phase transition from P2,2,2 to
Pc phase has been obtained for CPI and CSI, respectively.
Where, Pc state is much more stable with lower energy in the
misfit strain range of n < —6.58% for CPI (n < —7.45% for CSI).
So far as we know, no report involves Pc phase for other
perovskites under the compressive strain region. It is important
that the Pc state is a ferroelectric phase, containing the iodine
octahedron and iodine quadrangular pyramid seen in Fig. S3.t
Besides, the Fig. 1 also indicates that the axial ratio decreases
gradually from 1.35 to 0.87 for CPI (1.36 to 0.88 for CSI).

3.2 Antiferrodistortive vector and polarization

Antiferrodistortive (AFD) vector is an important measurement
indicator to evaluate the deviate magnitude of iodine octahe-
dron, which can be described by Cartesian components of the
in-phase antiferrodistortive vector IAFD, and AAFD that of the
antiphase antiferrodistortive vector. The IAFD, (out-of-plane
component of the IAFD vector along z axis [001]) and AAFD,,
(in-plane component of AAFD vector along x [100] or y [010] axis)
of CsMI; (M = Pb, Sn) thin films in epitaxial (001) vs. the misfit
stain are plotted in Fig. 2. Fig. 2 indicates that the IAFD, vector
first decreases, and then increases gradually, while the AAFD,,
vector increases gradually with the tensile strain increasing for
CPI and CSI, respectively. Similarly one can see that the IAFD,
vector first increases, and then decreases, whereas AAFD,,
vector has the reverse tendency at all compressive strain
regions. Apparently, whether CPI or CSI, the tendency is almost
the same in each stable phase region, the deviate magnitude
may exit small difference. Corresponding polarization directed
along x, y and z axis can be estimated by the Berry phase method
as plotted in Fig. 2. Simultaneously, in order to further verify the
correctness of our calculation and understand the polar
mechanism, we selected given misfit strain for each polar phase
as an example by employing Born effective charges with the
atomic displacements. In addition, the ground state structure
Pbnm and the ferroelectric phase Pmc2, and Pmn2, are shown in
Fig. 3 (Pc phase is shown in Fig. S47). Firstly four layers alternate

This journal is © The Royal Society of Chemistry 2020
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array of v/2 x 1/2 x 2 supercells of CPI and CSI have been used
to decompose the polarization along the pseudocubic [001]
direction as shown in Fig. 3. This decomposed polarization had
been reported in SrZrO; to understand the polarization mech-
anism.” According to eqn (1) the decomposed polarization P;
can be obtained by

= szaﬁ 5 (2)

where, [ = 1, 2, 3 and 4 represent decomposed layers 1, 2, 3, 4
seen in Fig. 3(a), respectively. Correspondingly, the total
polarization P can be decomposed P, P,, P;, and P,. And i
represents all the atoms in corresponding layer. V is the volume
of the unit cell. Hence, we took centrosymmetric phase P4/mmm
as reference phase of polarization phases Pmc2, and Pmn2,,
meanwhile, centrosymmetric phase C2/m is regarded as
a reference phase of Pc. Three polarization phases have been
decomposed into four layers as seen in Fig. 3 and S4.1 Corre-
sponding decomposed polar values given misfit strain are also
presented in Fig. 3 and S4.1 It's worth noting that layers 2 and 4
of Pc phase both miss one iodine atom due to its crystal struc-
ture contained the iodine quadrangular pyramid seen in Fig. S3
and S4.7 To keep up with the number of atoms of layers 2 and 4
of the centrosymmetric phases C2/m, the missing atoms would
be added in calculations.

Let us focus on Pbnm phase with misfit strain varying from
—4.42% to 5.85% for CPI (—4.55% to 3.01% for CSI), Pbnm
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phase with an @ a ¢' tilting pattern can be macroscopically
described by an in-plane component of the AAFD,,, as well as the
out-of-plane component of the IAFD,. IAFD, vector decreases
gradually from 17.48° to 6.56° for CPI and from 16.14° to 6.65°
for CSI. The tendency of AAFD,, is opposite to that of IAFD,
varying from 6.09° to 10.47° for CPI (2.81° to 7.93° for CSI) as
seen in Fig. 2. Even the degree of deviation of Pbls octahedron
from normal Pbls octahedron is large, Pbnm phase is the
paraelectric phase. The main reasons are (1) the polarization of
each layer Pbl, is zero, (2) the polarization of each layer CsI is
not zero, but their polarization directions are opposite as seen
in Fig. 3(b and f), (3) the total polarization of each type of atom
in CPI (CSI) is always zero.

With the tensile strain increasing, two polarization phases
Pmc2, and Pmn2, appear. Within the misfit strain range of their
existence, their AAFD,, vector increase monotonically from
10.63° to 12.23° for CPI (8.17° to 11.35° for CSI) approximately,
and their tendencies are similar to those of IAFD, vector. Fig. 2
further indicates Pmc2, possesses a polarization along in-plane
(FE,,). Hence, Pmc2, phase can be macroscopically described by
an in-plane polarization FE,, and the in-plane component of the
AAFD,,, as well as the out-of-plane component of the IAFD,.
Those macroscopical characters induced the mixing coupling
modes FE,, + AAFD,,, and FE,, + IAFD,, which is different from
the pure coupling of FE,;, + AAFD,, or FE,,, + IAFD, reported for
Pmc2, phase in SrZrO; and BiFeO;.>>%"%* Of course, this mixing
coupling mode had also been reported in LaFeO; and other
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? T cs©
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Fig. 3 The layer-decomposed polarization in corresponding strained phases for CPl and CSI. Panel (a) and (e) display the schematic configu-
ration of the centrosymmetric P4/mmm structure. Panel (b), (c), (d), (f), () and (h) represent the layer-decomposed polarization in Pbnm, Pmc2,,

and Pmn2; phase, respectively.
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rare-earth orthoferrites.*®** Moreover, from Fig. 2, as the misfit
strain increases, the polarization FE,, and antiferrodistortive
AAFD,,, IAFD, are all enhanced. Herein, Cs ions exit inverse
displacements, which lead to an opposite polarization direction
in two CsI layers, further weakening the total macroscopical
polarization. Whether CPI or CSI, the major contributors to the
total polarization come from I ions as shown in Fig. 3(c and g).
Compared with Pmc2, phase, Pmn2, is also a ferroelectric phase
with the same a a ¢ tilting pattern. Their difference is that (1)
Cs ions exit homodromous displacements, and (2) the magni-
tude of polarization for CsI layer is very small compared to that
of Pbl, layer. (3) The main contribution to the total polarization
derived from B-position cations (Pb or Sn).

In the compressive strain region, a fascinating polarization
phase Pc is obtained, similar to Pbnm, Pmc2, and Pmn2, phases,
Pc phase with a a ¢' tilting pattern can be described by in-
plane component of the AAFD,, as well as out-of-plane
component of the IAFD,. Moreover, we also found that the
AAFD,, vector tends to increase with the compressive stain
varying from —6.58% to —10% for CPI, which is opposite to its
IAFD, and similar to that of P2,2,2 and P2,2,2, phases. As is
presented in Fig. 2, the corresponding polarization is estimated
varying from 0.021 to 0.35 pC cm ™ > along xy axis and from 11.20
to 11.30 pC cm > along z axis under corresponding compress
strain region of n < —6.58% for CPI (3.30-4.86 uC cm™ > along xy
axis and 11.25-11.76 uC cm™ 2 along z axis correspond to 7 <
—7.45% for CSI) based on berry phase method, where x, y, and z
are directed along pseudocubic [100], [010] and [001], respec-
tively. Furthermore, compared with other polarization phases
(Pmc2, and Pmn2,), the polarization of Pc phase is not only
directed along xy axis, but also along z axis, which may be
attributed to the crystal structure composed of iodine octahe-
dron and iodine quadrangular pyramid. Noted that, similar to
the Pmn2,; phase, the polarization comes mainly from B-
position cations (Pb or Sn).

3.3 Electronic properties

Based on those stable phases, we search the suitable band gap
to photovoltaic materials, the band gaps of CsMI; (M = Pb, Sn)
are estimated based on PBEsol functional under different misfit
strains as plotted in Fig. 4. Fig. 4 indicates that the band gap of
the material can be adjusted by the epitaxial strain. And
tendencies of band gap for CsMI; (M = Pb, Sn) are approxi-
mately the same as that of strain. Besides, from Fig. 4(a) we
found that the band gap values of Pbnm, P2,2,24, and P2,2,2
states for CPI are from 1.14 eV to 1.58 €V, which are beneficial
candidates of photovoltaic materials. We also found the
tendencies of the band gap under compressive and tensile
strain are different for Phnm phase. The band gap value of the
Pbnm state decreases monotonically under compressive strain
from 1.58 eV to 1.18 eV for CPI and from 0.42 eV to nearly
zero eV for CSI, but from 1.58 eV to 1.55 eV for CPI and from
0.42 eV to 0.47 eV for CSI under tensile strain. Differently, except
Pbnm phase, whether the compressive strain or tensile strain,
the tendency of band gaps increases monotonically for CsMI;
(M = Pb, Sn).
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Fig. 4 Band gaps of different stable phases vs. misfit strain of CPl and
CSl, respectively.

A noteworthy feature of electronic properties in Pbnm state is
the diminution of band gap with the increasing of compressive
strain, corresponding to the nearly unchanged band gap under
tensile strain. Particularly, the unusual electronic properties are
not associated with structural phase transition as we commonly
expected, which are demonstrated by the same structural
symmetry (i.e., Pbnm) and the linear changes of bond angles and
bond lengths (as shown in Fig. S51). In order to better under-
stand the origin of the unusual electronic properties, we
calculate the band structure and density of states, as well as the
corresponding charge density at G point of the conduction-
band minimum of Pbnm state for CPI film with strains of
—3.39% and 1.74%, respectively. Note that the conduction-band
minimum is dominated by Pb-px orbital under tensile strain,
while that is dominated by Pb-pz orbital under compressive
strain, as shown in Fig. 5. In other words, the compressive strain
lows the energy of antibonding Pb-pz orbital, which results in
the rapid shift of the corresponding conduction band towards
the valence-band maximum and the occupation of conduction-
band minimum. As a result, the band gap rapidly decreases
when the compressive strain increases. Such striking electronic
properties hint towards unusual optical properties—such as
electric dipole transition and piezochromic effects.®**® In fact,
we numerically found (see Fig. 4(b)) that such feature also exists
in CsSnl; film but the band gap changes from 0.42 eV to 0 eV

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The calculated (a) band structure and density of states, as well
as (b) the corresponding charge density at I" point of the conduction-
band minimum of Pbnm state with strains of —3.39%, respectively.
Panels (c) and (d): the same as in panels (a) and (b), respectively, but for
1.74% strain in CPI film.

with strain-induced insulator-to-metal transitions under —3.8%
compressive strain, which further emphasizes the significance.

4 Conclusions

The first-principles calculations are carried out to explore the
structural phase transition, electric polarization and electric
properties of CsMI; (M = Pb, Sn) epitaxial films along (001)
direction. Taken the strain effect into account, the phase
diagrams of CsMI; (M = Pb, Sn) epitaxial films have been pre-
sented, which exhibits three ferroelectric phases Pmc2,, Pmn2,
Pc and two paraelectric phases P2,2424, P2,2,2. The difference is
that the misfit strain of the same phase transition is different in
two phase diagrams. Surprisingly, a ferroelectric phase Pc and
a paraelectric phase P2,2,2; with gyrotropic phase transitions
are found in two photovoltaic materials. By comparison, the
magnitudes of antiferrodistortive vector and electric polariza-
tion of CsPbI; epitaxial films are always smaller than that of in
CsSnl; epitaxial films under given misfit stain, which may be
attributed to the fact that it’s easier to deviate from the corre-
sponding center symmetric position for Sn ions with the small
atomic radius compared to Pb ions. Unusual electronic prop-
erties in Pbnm state under epitaxial strains are also revealed to
be directly related to the strain effect on electric structure, as,
e.g., evidenced by the rapid shift of pz conduction band towards
the valence-band maximum and the occupation of conduction-
band minimum, without structural phase transition as we
commonly expected. We thus hope that the present work
broadens the general and important fields of, e.g., phase tran-
sitions in films, and will encourage scientists to observe such
unusual effects in all-inorganic halides as well as in other
compounds.

This journal is © The Royal Society of Chemistry 2020
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