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ABSTRACT: We investigate the internal mechanism of the light- 7 Ju f—oo oo oo o
induced phase transition of CsPbBr; perovskite materials via % DBl
density functional theory simulations. Although CsPbBr; tends to  e—® © 7 T\ o CEM
appear in the orthorhombic structure, it can be changed easily by ¢ *°°—¢. Reversible ooo
external stimulus. We find that the transition of photogenerated ' LA
e ® ¢ (J VBM

carriers plays the decisive role in this process. When the
photogenerated carriers transit from the valence band maximum % o0-9- ’*’ 0'0'0% m
to conduction band minimum in the reciprocal space, they actually

transit from Br ions to Pb ions in the real space, which are taken away by the Br atoms with higher electronegativity from Pb atoms
during the initial formation of the CsPbBr; lattice. The reverse transition of valence electrons leads to the weakening of bond
strength, which is proved by our calculated Bader charge, electron localization function, and integral value of COHP results. This
charge transition releases the distortion of the Pb—Br octahedral framework and expands the CsPbBr; lattice, providing possibilities
to the phase transition from the orthorhombic structure to tetragonal structure. This phase transition is a self-accelerating positive
feedback process, increasing the light absorption efficiency of the CsPbBr; material, which is of great significance for the widespread
promotion and application of the photostriction effect. Our results are helpful to understand the performance of CsPbBr; perovskite
under a light irradiation environment.

532 nm illumination.'® Some studies have shown that the
photostriction effect shows an important impact on the
physical properties of perovskite materials,’” e.g, it can
improve the charge separation and hinder the subsequent

1. INTRODUCTION

Halide perovskites have been widely used in the field of
optoelectronics in recent years, due to their high absorption
coeflicient, high carrier mobility, long carrier lifetime, etc.'°In

particular, solar cells using MAPbI; and FAPbI; as light
absorbers have attracted widespread attention, because their
efficiencies explosively increase from 3.8% to more than 26.1%
in a few years.” Meanwhile, halide perovskites are also potential
working materials for LEDs,® high-energy detector devices,’
etc. When halide perovskites are utilized in these optoelec-
tronics fields, they always work in the circumstances with light
illuminations. Thus, their performances under illumination are
critical for the real applications. Therefore, extensive
investigations are carried out for this. Lots of interesting
light-induced phenomena are discovered for halide perovskites
accordingly, for instance, the photostriction effect.

The photostriction effect refers to the light-induced
nonthermal crystalline change, which has been reported in
many photoelectronic materials, such as BiFeOs,'”'" DBTTE-
C60,"” Ca\Cu3Ti4OIZ,13 PLZT,"* etc. The photostriction effects
were also widely found in perovskite materials. For example,
BiysNaysTiO; exhibits a remarkable photostriction response
under visible light irradiation.”” A giant light-induced
deformation was recently observed in MAPDI; with the
measured linear strain of approximately 0.72—0.43% under

© 2023 The Authors. Published by
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recombination in perovskite materials.'*~*" Thus the photo-
striction phenomena observed in MAPbI;** and MAPbBr;**
pave the way for their widespread applications in optomechan-
ical devices, such as photostriction actuators,”"*° energy
harvesting devices, etc.’® However, there are still many
controversies about the photostriction effect. For example,
some researchers believe that the lattice expansion caused by
light is completely due to thermal effects and does not require
any photo-carrier based mechanism.”’

Nevertheless, the mechanisms accounting for the light-
induced deformation are complex and diverse. The inverse
voltage response has been proposed in photomodulated
photovoltaic compounds,”® while the photoisomerization-
induced volume change is considered in organic polymers,”®
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and the excessive electron—hole pair-driven deformation is
adopted to explain the photostriction effect in nonpolar
semiconductors.”” Studies have shown that the photostriction
effect of organic—inorganic hybrid halide perovskite materials
results from the photovoltaic effect and the translational
symmetry loss of the organic molecular configuration.
Meanwhile, similar photon-induced size changes were
observed in pure inorganic CsPbBr; perovskites.”’ Xue et al.
found that the CsPbBr; single crystal undergoes a volume
expansion of 3 X 107° stimulated by the above-bandgap
illumination.”* More interestingly, a reversible phase transition
between the orthorhombic phase and the tetragonal phase
generated by the light irradiation is revealed by the XRD
measurement, which shows a rapid response (<0.5 s).*" As
reported previously, CsPbBr; perovskites show complex
crystalline structures in various reports, i.e., cubic and
monodlinic structures etc.””*’ And the crystal structures of
CsPbBr; are modulated by external stimulus easily, such as
fabrication method, process procedure and impurity doping,
etc.’”*? However, the illumination-induced phase transition is
a new light-induced physical effect, which is merely observed in
other halide perovskites. Thus, new questions arise from these
observations, i.e., the contributions to the light-induced lattice
deformation origins from the light-induced phase transition or
just a light-induced volumetric change caused by other
reactions? How to explain the observed phase transition?

Therefore, this light-induced phase transition phenomenon
should be examined and studied in detail. In previous studies,
researchers have found that CsPbBr; perovskite transforms
from an orthorhombic phase to tetragonal phase under light
' Thus in this article, we perform a series of
theoretical investigations to reveal the mechanism of the phase
transition of CsPbBr; perovskites between the orthorhombic
structure and the tetragonal structure. We find that when
CsPbBr; perovskite is illuminated, electrons transition from the
valance band maximum (VBM) to the conduction band
minimum (CBM). This weakens the bond strength of the Pb—
Br—Pb bond and thus changes the Pb—Br—Pb bonding angles
and the energetic state of the crystalline systems, which
contribute to the light-induced geometric variation and thus
the phase transition. Our results can help to put forward the
application of photostriction effect and also can improve the
physical performance of the halide perovskites.

. . 3
irradiation.

2. CALCULATION METHODS

We perform density functional theory (DFT) calculations
using the Vienna Ab initio simulation package,”* the exchange-
correlation effects are treated in the generalized gradient
approximation with the Perdew—Burke—Ernzerhof®® potential.
The core electrons are represented by the projector-augmented
wave method.’® A plane wave cutoff of 400 eV is used to
ensure a good convergence in energy. All atoms are fully
relaxed without symmetry constraints until convergence to
107" eV in total energy and 0.01 eV/A in the force. The
Brillouin-zone integrations are performed using 2 X 2 X 2 and
4 X 4 X 3 Monkhorst—Pack grids in the orthorhombic
structure and the tetragonal structure, respectively. We use the
LOBSTER? code to analyze the chemical-bonding inter-
actions, in which the orbitals included are (1) 4s and 4p for Br;
(2) Ss, Sp and 6s for Cs; (3) 5d, 6s and 6p for Pb.

3. RESULTS AND DISCUSSION

3.1. Geometric Structures. Although the CsPbBr;
material can be synthesized in several crystal structures, we
only pick two structures, ie., the orthorhombic and the
tetragonal structures which are only considered in the
previously reported reverse light-induced phase transition.
The optimized orthorhombic and tetragonal structures of
CsPbBr; are illustrated in Figure 1, in which the lattice
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©
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Figure 1. Optimized geometric structures of CsPbBr; in ortho-
rhombic and tetragonal phases. (a) and (c) are the top and side views
of the orthorhombic structure, respectively. (b) and (d) are the top
and side views of the tetragonal structure, respectively. Numbers in all
figures represent the bond lengths and bond angles, respectively.

parameters of orthorhombic and tetragonal structures are a =
854A b=1193A c=823Aanda=b=833A,c=1215A4,
respectively. It can be seen that although these two crystal
structures are both distorted lattices, they show some obvious
different characters. From the top views in Figure la,b, we can
see that the in-plane Pb—Br—Pb bond angle in the
orthorhombic structure is twisted in value of 152.67°, which
is lower than the value of 153.09° in the tetragonal structure.
Figure 1c,d show that the out-of-plane Pb—Br—Pb bond angle
in orthorhombic structure is 159.11°, which is much lower
than the value of 180.00° in the tetragonal structure. This
means that the distortion of the PbBrs octahedron in the
orthorhombic phase is more severe than that in the tetragonal
phase. That is, if CsPbBry perovskite transits from the
orthorhombic phase to the tetragonal phase, the distortion
and the twisting of the PbBry octahedra are released, and thus
push the lattice outward to expand the whole lattice.
Furtherly, we calculate the total energies of these two
CsPbBr; structures to analyze their formation process. The
total energies of CsPbBr; unit cells in the orthorhombic
structure and the tetragonal structure are —16.11 and —16.09
eV, respectively. Compared with the case in tetragonal phase,
the lower energy of the orthorhombic structure indicates that
the orthorhombic CsPbBr; system is easier to form under
normal conditions, which is consistent with the experimentally
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observed phenomenon. However, the energetic difference
between these structures is low, thus the external stimulus can
change the normal structure easily and give rise to the phase
transition between the orthorhombic and tetragonal structure.
That is, when CsPbBrj; is illuminated by the light with high
enough photon energy, it is very likely to change from the
orthorhombic structure to the tetragonal structure, ie., the
light-induced phase transition. As mentioned above, when this
phase transition appears, the distortion of the CsPbBrj; lattice
will be released and the whole lattice tends to expand, which is
exhibited by the experimentally observed light-induced lattice
dilation.

3.2. Electronic Structures. As aforementioned, the
photostriction effect is a light-induced physical phenomenon,
and it is only experimentally observed when some materials are
irradiated by the above-bandgap light. So, the electronic
structures of these materials and the subsequently electron
excitations are the key points in deep understanding to the
intrinsic mechanism of the photostriction effect. Figure 2a,b
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Figure 2. (a) and (b) are the band structure and DOS of CsPbBr;
perovskite in the orthorhombic structure, respectively. (c) and (d) are
those properties of CsPbBr; in the tetragonal structure. The red
dashed lines represent the Fermi levels.

shows the band structures and the density of states (DOS) of
CsPbBr; in the orthorhombic phase, which is the ground state
under normal conditions. It can be seen that the CBM and the
VBM are located at the same position in k-space, which means
that the orthorhombic CsPbBr; is a typical direct band gap
semiconductor with the band gap of 2.11 eV, which agrees well
with the experimental observations.”**” As shown in the partial
DOS of the CsPbBr; perovskite in Figure 2b, the VBM is
generated predominantly by Br 4p orbitals, with minor
contributions from Pb 6s orbitals. While the CBM originates
mainly from Pb 6p orbitals, with minor contributions from Br
4s orbitals. We can see that the contributions from Cs atoms to
the band edge are negligible, which is similar of the case in
other perovskites. The major function provided by Cs ion is
the charge balance for Pb—Br frameworks to maintain the
stability of the perovskite structure.

When CsPbBr; perovskite is irradiated by the above-
bandgap light, the photoelectronic effect arises to yield the

light induced carriers, which are excited from VBM to CBM.
As illustrated by the electronic structures, the VBM and CBM
of CsPbBr; are predominantly contributed by the Br 4p and Pb
6p orbitals, respectively. That is, when the light induced
carriers transit form VBM to CBM, they actually transfer from
Br ions to Pb ions, which are taken away by the Br atoms with
higher electronegativity from Pb atoms during the initial
formation of the CsPbBrj lattice. It also means that the valence
electrons will migrate back from Br ions to Pb ions partially,
weakening the bonding strength of Pb—Br bonds. Therefore,
we analyze the charge distribution and the bonding interaction
to get a deep understanding about this. The calculated Bader
charges for each component of CsPbBr; are shown in Table 1.

Table 1. Distributions of Bader Charges in CsPbBr; with
the Units of Those Values of Unit Charge e

phase Cs Pb Br
orthorhombic —0.861 —1.140 0.669
tetragonal —0.868 —1.131 0.668

The Bader charges of Pb and Br ions are quite different from
their formal values, indicating the complex bonding inter-
actions composed of ionic and covalent interaction between Pb
and Br ions. At the same time, the number of charges on Br/
(Pb) ions in the orthorhombic structure is more than/(less
than) that in the tetragonal structure. This is consistent
qualitatively with our assumption, ie., if the electrons are
excited by light and transit from Br ions back to Pb ions, it is
accompanied by the phase transition from the orthorhombic
phase to the tetragonal phase.

The electron localization function (ELF) is another means
to study the distributions and localizations of the electrons
during the formation of the crystalline structures. The ELF can
give the measure of electron probability in the field of
reference electrons with the same spin and fixed point as well
as describe the localization of electrons in lattice space. Figure
3 shows the ELF of these two CsPbBrj; structures, from which

M1

(a) (b)

Figure 3. ELF contour plots for CsPbBr; in (a) orthorhombic and (b)
tetragonal phases, respectively.

we can see that in both cases, the charges around Br ions show
a more localized character, resulting from the strong
electronegativity of Br ions. The crystal orbital Hamilton
population (COHP) can represent the local chemical-bonding
properties in periodic systems phenomenologically. The
integral value of COHP (ICOHP) below the Fermi level can
be understood as the numbers of bonding electrons shared
between two atoms, it describes the magnitude of the bond
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strength qualitatively. The calculated ICOHP for CsPbBr; in
two phases are shown in Table 2 and Figure 4a,b. We calculate

Table 2. Average ICOHP of Pb—Br Bonds for CsPbBr;
Perovskites

phase no. of bonds ave.(—ICOHP) [eV ]
orthorhombic 8 —1.64
tetragonal 8 —1.62
5 5 Anti-bonding
- —
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Figure 4. Crystal orbital Hamilton population (COHP) analyses for
the Br—Pb bonds of CsPbBr; perovskite in (a) orthorhombic and (b)
tetragonal phases, respectively. The left and right sides represent the
antibonding and the bonding states, respectively. The red and the
green represent the coupling interactions for Br—4p orbital with Pb—
6s orbital and Pb—6p with Br—4s orbitals, respectively. (c) represents
the bonding interaction near the band edge of the CsPbBr; system.

eight Pb—Br bonds in the side view direction for both
structures. The average ICOHP of orthorhombic and
tetragonal structures is —1.64 and —1.62 eV, respectively.
Because the larger absolute value of ICOHP means the
stronger bonding interactions, our calculated results show that
the Pb—Br bond in the orthorhombic structure is stronger than
that in the tetragonal structure. In other words, the bond
strength of the Pb—Br bond is weakened after the phase
transition from orthorhombic to tetragonal structures.
Combined with the calculated results of Bader charge, ELF
and ICOHP, we can say that when CsPbBr; perovskites
change the crystalline structure from the orthorhombic phase
to tetragonal phase, it is accompanied by the charge transition
from Br ions to Pb ions, and the charge density around the Br
ions decreases, indicating that the Pb—Br bonds weaken
accordingly.

According to the discussions mentioned above, when
CsPbBr; perovskite undergoes the light-induced phase
transition, the geometric structure and the bonding inter-
actions change evidently, which are believed to bring about
evitable change of the electronic structure. From the band
structures illustrated in Figure 2c, we can see that the band gap
of CsPbBr; in the tetragonal structure is slightly lower than
that in the orthorhombic structure, conforming to the general
law of perovskite materials, i.e., with the enhancement of the
distortion of the metal octahedra in perovskites, the band gap
increases.”” As shown in Figure 4c, we know that the VBM of
CsPbBr; is formed by the antibonding state ascribed to the
coupling of Pb—6s and Br—4p orbitals. And the CBM is the
antibonding state coupled by Pb—6p and Br—4s orbitals.
Moreover, we noticed that the volume of the orthorhombic
structure is 838.60 A3, and the volume of the tetragonal
structure is 843.55 A3, That is, if CsPbBr; transforms from
orthorhombic to tetragonal phase, the lattice expansion leads
to the weakening of the twisting and rotation of the PbBry
octahedron, the increase of the Pb—Br—Pb bond angle and the

decrease of the lateral displacement between the Pb and Br
atoms, as shown in Figure 1. This enhances the s-p orbital
coupling between Pb and Br atoms,"' so both VBM and CBM
(all antibonding states) shift upward. The volume deformation
potentials are often used to express the relationship between
the volume change and the shift of band edge, which is
inversely proportional to the energy difference between the
two atomic orbitals of bonding interactions.”” The energy
difference between Br—4p and Pb—6s is lower than that
between Br—4s and Pb—6p, so the VBM has a higher volume
deformation potential than the CBM. Namely, the VBM is
more sensitive to changes of the coupling interactions and shift
with a higher value, so to reduce bandgap.

Combined with the above studies, we know that illumination
could stimulate CsPbBr; to transform from an orthorhombic
to a tetragonal phase with a concomitant reduction in the band
gap. Furthermore, if the band gap of CsPbBr; perovskite
decreases, it could absorb more light, which will strengthen the
light-induced phase transition of CsPbBr; perovskite further.
Then the higher phase transition results to a lower average
band gap, which in turn lead to the greater light absorption.
Therefore, the photostriction effect of the CsPbBr; material is
a self-accelerating positive feedback process, and this self-
accelerating process increases the light absorption efficiency of
the CsPbBr; material, which is of great significance for the
widespread promotion and application of the photostriction
effect.

4. CONCLUSIONS

By a series of first-principles approaches, we investigate the
possibilities of light-induced phase transition of CsPbBr;
perovskite from the orthorhombic structure to the tetragonal
phases elaborately. The calculated total energies show that
CsPbBr; perovskite tends to appear in the orthorhombic
structure under normal conditions, for the lower energetic
state. However, it may be stimulated by external factors easily
to transform to the tetragonal phase, such as it is irradiated by
light with sufficient photon energy. When this material indeed
transforms from the orthorhombic phase to the tetragonal
phase after illumination, the distortion of the PbBrg
octahedron is released, leading the lattice to expand outward,
which accounts for the experimentally observed light-induced
lattice dilation. Via analyses of the electronic structures, we
find that the CBM and VBM are mainly distributed on Pb ions
and Br ions, respectively. That is, when the photogenerated
carriers transit from the VBM to CBM in the reciprocal space,
they actually transit from Br ions to Pb ions in real space,
which are taken away by the Br atoms with higher
electronegativity from Pb atoms during the initial formation
of the CsPbBrj; lattice. Thus, the backward transition of the
valence electrons weakens the strength of Pb—Br bonds, which
is proved by our calculated Bader charge, ELF, and ICOHP
results. The weakening of Pb—Br bonds releases the twisting of
the Pb—Br frameworks and expands the lattice, giving birth to
the phase transition from orthorhombic to the tetragonal
structures, which agrees well with our geometric and energetic
discussions. At last, we find that the photostriction effect of
CsPbBr; material is a self-accelerating positive feedback
process. Thus we make clear the intrinsic mechanism of
light-induced phase transition for CsPbBr; perovskites. As the
geometric structures determine the physical properties of
optoelectronic materials, so our findings are useful to
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understand the performances of CsPbBr; perovskites when
they work under light irradiation circumstances.
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