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Cesium lead bromide (CsPbBrs) is a prominent halide perovskite with extensive optoelectronic
applications. In this study, we report the pressure modulation of CsPbBrs’s crystal structure and
electronic properties at room temperature up to 5 GPa. We have observed a crystal structure transition
from the orthorhombic Pnma space group to a new monoclinic phase in the space group P2;/c at
2.08 GPa. The structure is associated with ~8% of density jump across the transition boundary. DFT
calculations have suggested that the structure transition leads to a change in the electronic band
structure, and there is an emergent indirect bandgap at the Pnma-P2,/c phase transition boundary at
2.08 GPa. Across the transition boundary, the electronic band gap of CsPbBr; increased from 2.07 eV
t0 2.38 eV, which explains its pressure-induced color change. Our study demonstrates the importance
of using in-situ crystal structure in the electronic band structure calculations in halide perovskites.

In recent years, the perovskite-structured CsPbBr; has attracted researchers’
attention because of its impressive optoelectronic properties. CsPbBr; has
long carrier life, high electron mobility, and decent thermal stability, making
it a great candidate for photovoltaics applications'. Most prominently,
CsPbBr; has demonstrated a photoluminescence quantum yield (PLQY) of
>95%, nonparallel by any other halide perovskites'”. The high PLQY of
CsPbBr; not only makes it an efficient base material for radiation
detection™, but also gives it the potential in photoluminescence display
devices™. Because of these characteristics, CsPbBr; is an emerging candidate
material in many optoelectronic applications.

Pressure has been observed to have a strong effect on the optoelectronic
properties of CsPbBr;. Gong et al. has observed that the PLQY of bulk
CsPbBr; crystal peaks at ~1.2 GPa, more than 90 times of its room pressure
value’. Pressure is also known to affect the bandgap of CsPbBr. At pressures
below 1GPa, the bandgap is suppressed with pressure®”®, whereas at
pressures higher than 1 GPa, both density functional theory (DFT) calcu-
lation and photoluminescence (PL) experiments have confirmed that the
bandgap increases with pressure*”®. The mechanism behind this bandgap
change is the pressure-induced structural transition in CsPbBr;. It has been
observed that CsPbBr; preserves its Pnma perovskite structure till 1.5-
2.5 GPa, yet there is no consensus on the crystal structure of CsPbBr; crystal

at pressures above 2 GPa. One powder diffraction experiment has suggested
that CsPbBr3; becomes amorphous at pressures above 2 GPa®, while DFT
calculations have suggested that CsPbBr; either maintains the Pnma space
group at high pressures but have a different structure’, or transforms into a
P2,2,2, polar structure’. In either case, the high-pressure phase is believed to
have an indirect bandgap™’*. Because of the high-pressure crystal structure
of CsPbBr; strongly modulates its electronic bandgap, it is imperative to
carry out a careful crystallographic measurement on CsPbBr; crystals at
high pressures.

Single crystal X-ray diffraction (SXD) has proven a useful tool to
accurately constrain the structure of halide perovskites at high pressures’.
Using large-opening diamond anvil cells and SXD, multiple structural
transitions in halide perovskites have been identified between 0.5 and
15GPa'"", and most of these structural transitions are displacive phase
transitions" that involve space group change. In this paper, we report our
measurement on the high pressure phase transition of CsPbBr; using high
pressure SXD. We have identified a phase transition from Pnma orthor-
hombic space group to P2;/c monoclinic space group at 2 GPa. DFT calcu-
lations have shown an electron bandgap change associated with the phase
transition similar to previous reports. Our results provide new insights into
the pressure-modulation of the optoelectronic properties in halide perovskite.
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Fig. 1 | Single crystal structures of the low-pressure (left) and high-pressure (right) phases of CsPbBr;. The red boundaries indicate the unit-cell of each phase.
7-coordinated Pb sites (Pb01 and Pb07) in the high pressure phase are highlighted with the grey polyhedra.
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Fig. 2 | Density of CsPbBr; as a function of pressure. Curves in the figure indicate
the best-fit BM2-EoS, with the best-fit bulk modulus K labeled next to each EoS.

Results and discussions
High pressure crystal structure of CsPbBr;
From high pressure SXD data, we found that the CsPbBr; crystal underwent
a phase transition from orthorhombic structure (space group Pnma, #62) to
a more distorted monoclinic structure (space group P2,/c, #14) at 2 GPa
(Fig. 1). In this process, the unit cell expands to include six times more atoms
whereas the density of the crystal increased by ~8% from 5.23 g/cm’ to
5.64 g/cm’ (Fig. 2). We have observed that for the high pressure P2,/c phase,
two of the Pb sites (Pb0l and Pb07) changes from 6-coordinated to
7-coordinated (Fig. 1). Although the  angle of the high pressure P2,/c phase
is very close to 90° (90.110-90.134°), in the structure we can’t find either
three perpendicular 2-fold axes, or one 2-fold axis and two mirror planes.
We have also attempted to solve the crystal structure with an orthorhombic
starting model, yet the structure solution/refinement didn’t converge, so we
conclude that the crystal system of the high pressure phase has to be
monoclinic.

We also determined the density and equations of states of the low
pressure and high pressure phases of CsPbBr; and compared them with
published data. At pressures below 2 GPa, our results is consistent with

published powder diffraction measurements®. It has been suggested that the
Pnma structured CsPbBr; will undergo an isostructural transition at
1.2 GPa’, in which the crystal maintains the same space group but the bulk
modulus Ky increases from 18.1 GPa to 37.3 GPa when fitting the P-V data
with a second-order Birch-Murnaghan equation of states (BM2-EoS):

7/3 5/3
P(V) = 3K0 {(%) — (%) ], where V is the unit cell volume at

0 GPa. Our data show the same kink in pressure-density relationship below
and above 1.2 GPa (Fig. 2). When fitting our measured P-V data below
1.2 GPa (usually referred to as the phase-I, and phase-II refers to the
structure between 1.2 and 2 GPa**) with BM2-EoS, the best-fit bulk mod-
ulus K of phase-I is 18.0 + 0.8 GPa, consistent with powder X-ray diffrac-
tion results (18.1 GPa)’. The P-V relationship of the high pressure P2,/c
phase is also fitted with a BM2-EoS, and the best fit K, is 22.1 + 1.8 GPa,
which lies between the K, of phase-I and phase-IL. The best-fit V, for the
P2,/c phase is 4437 +32 A’. The V,, for the Pnma phase is 793 +5 A’.
Considering that one unit cell in the P2,/c phase corresponds to six unit cells
in the Pnma phase, at zero pressure, the density of the Pnma phase is ~7%
smaller than the P2,/c phase.

We notice that, the bulk modulus K, for Pnma Phase-I (0-1 GPa) is
18.0 GPa, K, for Pnma phase-II (1-2 GPa) is 37.3 GPa, and K, for P2,/c
phase (>2 GPa) is 22.1 GPa. K, for Pnma phase-II is significantly higher
than the other two. We suspect that this phenomenon indicates that the
Pnma-P2,/c transition has a martensitic-like nature. Martensitic transition'®
involves rotation of polyhedra within the crystal structure, and has been
observed in other perovskite-structured materials'’. It is also known that
pressure induced martensitic transition has significant effect on the bulk
moduli of materials', so we suspect that the abrupt change in the bulk
moduli before and after the Pnma-P2,/c transition indicates its martensitic-
like nature.

Electronic band structure at high pressures

During our measurement, we monitor the evolution of sample color at
various pressures. The sample starts as a brown colored translucent crystal.
When the phase transition occurs at 2 GPa, the color of the crystal changes
from brown to light yellow in back-reflection light (Fig. 3), which has been
observed by multiple studies before*"”. The change of the sample color
from brown to transparent is an indicator that the sample no longer absorbs
green light near ~530 nm, which coincides with the observations from
optical absorption spectroscopy™*”’. On release of the pressure after
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Fig. 3 | Optical images (top) and corresponding merged diffraction images
(bottom) of CsPbBr; at various pressures. Sample is located at the center of the Re-
gasket hole and a small piece of ruby sphere is located close to the sample as pressure

marker. A&D): 0.27 GPa (right after gas loading). B&E): 2.08 GPa (right after the
structural transition). C&F): 1 bar after decompression.

decompression, the sample’s color changes back to brown, and the dif-
fraction images switched back to the Pnma diffraction pattern as well
(Fig. 3), showing that the pressure-induced Pnma-P2,/c transition is
reversible.

The change of sample’s color is strongly related to the electronic band
structure evolution in the sample. In order to examine the association of the
electronic band structure as a function of pressure, we have carried out DFT
calculations based on the high pressure crystal structure we resolved with
SXD (Fig. 4). Below the structural transition pressure at 2 GPa, the band gap
of the low pressure Pnma phase gradually decreases from 2.09 eV at 1 bar to
a minimum of 2.05 eV at 1.5 GPa, then increases to 2.07 eV at 2 GPa, and
the same pressure dependence of band gap has been observed in multiple
experimental®*’ and DFT***' studies before. This non-monotonic pres-
sure dependence of the band gap has been interpreted as the result of
competition between isotropic volume deformation and structural
relaxation™.

After the Pnma-P2,/c structural transition, our calculations have
demonstrated that the valence band maximum shifted from I'-point (0, 0, 0)
to around Z-point (0, 0.5, 0) (Fig. 4C), whereas the conduction band
minimum stays at the I'-point (Fig. 4B), which indicates the emergence of an
indirect bandgap in the high pressure P2,/c phase, consistent with experi-
mental observations”. Our calculations also show that the high pressure
phase has a bigger band gap than the low pressure phase (Fig. 5). At the
Pnma-P2,/c transition, the band gap of CsPbBr; jumps from 2.07 eV to
2.38 eV, and similar band gap jumps have been experimentally observed
across the 2 GPa phase transition boundary in both nano-crystalline
(0.25 eV) and single crystal® CsPbBr; (0.23 eV) (Fig. 5, inset). We note here
that the experimental band gaps are measured using the Tauc method™**’.
High pressure optical absorption spectra were measured between 250 and

1100 nm. Experimental band gap was then calculated by extrapolating the
linear part of (adhv)>-hv curve. The 0.31 eV band gap jump shifts the optical
absorbance edge from ~540 nm to ~475 nm, and hence leads to the change
in sample color from brown to light yellow (Fig. 3). The band gap of the high
pressure P2,/c phase also has a negative slope as a function of pressure,
which is consistent with published experimental measurements on single
crystal CsPbBr;’, where a negative band gap-pressure slope were observed
between 5 and 40 GPa in a compression run, and between 1 and 30 GPaina
decompression run. At pressures above 3.5 GPa, we notice that the band gap
of CsPbBr; becomes direct again (Fig. S1), which is similar to the predicted
P2,/m high pressure metastable phase’. In conclusion, our DFT calculations
have demonstrated that the Pnma-P2,/c structural transition can explain
the experimental optical measurements on CsPbBrj; at high pressures. Our
results highlights the necessity of using in-situ crystal structure in the cal-
culation of electronic band structures of halide perovskites.

Our study also demonstrates the importance of pressure medium in
high pressure DAC experiments. It has been pointed out by Szafranski and
Katrusiak™ and Zhang et al.** that the hydrostaticity of the pressure medium
used in the DAC could control the kinetics and even the resultant phase of
the pressure-induced phase transition. We notice that in the two experi-
ments (G2020% and G2022°) that used silicone oil as the pressure medium,
the bandgap jump right after the transition around 2 GPa was smaller
(0.25eV for G2020 and 0.23 eV for G2022) than our value (0.31¢eV).
Meanwhile, in both G2020”° and G2022°, the bandgap continues to increase
over the range of 1-3 GPa by an additional 0.05 eV after the transition, and
then decrease with pressure’, yet in our study the bandgap decreases with
pressure right after the Pnma-P2,/c transition (Fig. 5). We suspect that this
phenomenon indicates that the pressure-induced transition in CsPbBrj; is
slow in non-hydrostatic silicone oil pressure medium, and similar kinetics
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Fig. 4 | Electronic band structure and projected density of states (PDOS) of
CsPbBr;. Calculations at A) 1 bar (Pnma) and B) 2.08 GPa (P2,/c). C zoomed-in
band structure at the top of valence band at 2.08 GPa, highlighting the high elec-
tronic energy near the Z-point (0, 0.5, 0). Since the bottom of the conduction band is
around the I'-point (0, 0, 0), we conclude that there is an emergent indirect bandgap
in the P2,/c phase CsPbBrj; at 2.08 GPa.

has been observed in MAPbCl; perovskite™. The bandgap of MAPbCl,
increased by 0.05 eV at the same pressure over 280 h™, which is close to the
offset between our reported value and G2020 (0.31 eV vs. 0.25¢V). In
the meantime, for the compression and decompression runs in G2022°, the
bandgap of CsPbBr; is distinct at around 2 GPa (Fig. 5). In G2022, for
the compression run, at ~2 GPa, the band gap was ~2.3 eV, while for the
decompression run, at ~2GPa, the band gap was ~3.1eV. Besides,
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Fig. 5 | Experimentally determined and DFT computed electronic band gap of
CsPbBr; as functions of pressure. Plus-signs and dashed curves: results from DFT
calculations. Multiply-signs and solid curves: results from experimental measurements.
Blue circles: band gap determined from this study using experimentally determined
crystal structure as the initial structure for DFT calculations (Supplementary Table S1).
Note the band gap from DFT (right axis) is shifted by 0.2 eV up relative to the band gap
measured by experiments (left axis) to highlight the consistency between different
studies, because DFT calculations tend to systematically underestimate the band gap”.
The value of 0.2 eV was chosen so that the experimental and DFT bandgaps in Gong et
al’ and Zhang et al.” at 1 bar would be aligned in the same figure. References: Z2017",
G2020%, G2022°, 52022, Y2020™. Inset: Comparison between the band gap jump
across the transition boundary in this study (blue) and two experimental measure-
ments (red: G2022 cyan: G2020™).

the decompression run seems to have a discontinuity around the ambient
pressure in G2022: the band gap dropped abruptly from ~3.1 eV at 0.03 GPa
to 2.3 eV at 1 bar. We believe that this slow kinetics is a result of the non-
hydrostatic pressure medium. On the other hand, we used neon pressure
medium®, which is hydrostatic up to 4.8 GPa. We conclude that the
hydrostatic pressure environment is beneficial for a sharp phase transition
boundary because of less deviatoric stress and pressure gradient™.

Conclusions

We have studied the structural response of Pnma-structured CsPbBr; single
crystal to high pressures using SXD and DAC. Similar to previous studies,
we have observed a phase transition between 1.5 and 2.5 GPa. A careful
structural solution and refinement using the SXD data suggests that the high
pressure phase has a P2,/c space group, which hasn’t been reported before.
This structural transition is associated with ~8% density increase, and affects
the mechanical properties such as the bulk modulus of CsPbBr;.

Using DFT calculation, we have found that the Pnma-P2,/c transition is
also associated with an electronic band gap jump of ~0.31 eV, which explains
the sample’s color change from brown to light yellow observed at high
pressures. The structural transition also leads to the emergence of an indirect
bandgap at 2.08 GPa, which has been substantiated experimentally. Besides,
we predict another indirect to direct bandgap crossover at pressures above
3.5 GPa. We have demonstrated that most of the optical measurement results
can be explained by the Pnma-P2,/c transition, and we expect our study on
the pressure-induced phase transition in CsPbBr; will shed new insight
into modulating the optoelectronic properties of halide perovskites with
pressure.
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Methods

Sample synthesis and crystal growth

CsPbBr; was synthesized by heating a stoichiometric mixture of CsBr and
PbBr, sealed in a quartz tube under vacuum at 10 mbar at 650 °C overnight.
Subsequently, a well-formed orange-colored CsPbBr; crystal was grown
using the Bridgman method with a 3-zone furnace equipped with a trans-
lation unit. Growth conditions were maintained at temperatures of 450-600-
300 °C and a growth speed of 1.0 mm/h. Pictures from the same batch of
sample are shown in He et al.”.

High pressure SXD measurement

A 50 um x 30 pm x 10 um fragment of CsPbBr; single crystal was loaded
into a short symmetric DAC for high pressure SXD measurement”. The
DAChasa +30° opening angle and the diamond culet diameter is 500 pm. A
0.25 mm thick Re gasket is used in the DAC and a ~200 um diameter hole is
drilled in the center of the gasket to serve as the sample chamber. Helium
was used as the pressure medium™ for the high-pressure SXD experiment,
and ruby fluorescence was used to calibrate the pressure of the sample”. The
diffraction data were collected at the experimental station 13-BM-C of the
Advanced Photon Source, Argonne National Laboratory””. The X-ray beam
was monochromated with silicon (311) crystal to 28.6keV, with 1eV
bandwidth. A Kirkpatrick-Baez mirror system was used to obtain a vertical
x horizontal focus spot size of 18 um x 12 um, measured as full width at half
maximum. The Pilatus 3 S 1 M detector (Dectris) was placed about 200 mm
away from the sample, and ambient NIST SRM660a LaBs powder was used
to calibrate the distance and tilting of the detector. The CsPbBrj; crystal was
aligned to the rotation center of the diffractometer by absorption profile
scan”. A series of @-exposures covered the full angular range of the DAC
from ¢ = —30° to ¢ = 30°, and each image covers 1° width. The exposure
time per frame was 1s/°. The diffraction images were reduced to peak
intensity tables using APEX4 software package (Bruker), and the crystal
structure was refined using the SHELX software package interfaced by
Olex2™". We have included Supplementary Fig. S3 to demonstrate the
integrated diffraction pattern, the refined intensity profile and the residual
for the high pressure P2,/c phase at 2.08 GPa. Figures of merits for the
structure refinement before and after the Pnma-P2,/c transition are listed in
Supplementary Table S3.

DFT calculations

DFT calculations were carried out using Quantum ESPRESSO software
package™” to compute the structural and electronic properties. Initial
structure from the SXD measurements at each pressure was used as the
input for crystal structure relaxation in plane-wave self-consistent field
calculation. Perdew-Burke-Ernzerhof (PBE)* functional was used together
with the projector augmented wave (PAW)™ type of pseudopotentials. The
PAW pseudopotentials are used because they offer an optimal balance
between accuracy and computational cost and™"” have been successfully
used in previous studies to predict properties similar to those investigated in
our work™*. The convergence threshold on total energy, maximum force
and pressure were set to 2 x 10*Ry, 4 x 10*Ry/a.u., and 0.05 GPa, respec-
tively. The energy cutoff for wave functions was set to 80 Ryd, and the energy
cutoff for charge density and potential was set to 400 Ryd. The Brillouin zone
was sampled with I -centered k-point mesh of4 x 3 x 4and 1 x 3 x 1 for the
orthorhombic and monoclinic systems, respectively. The experimental and
computed crystal structures are compared in Supplementary Table S2 and
Figure S4. The k-point meshes were chosen based on our benchmark stu-
dies, where we checked the convergence of the band gap with respect to the
k-point mesh size (Supplementary Fig. $6). Overall, parameters listed above
guarantee all band gaps are converged within 0.01 eV. Since our experi-
mental measurements only covered 8 different pressures, we linearly
interpolated and extrapolated the crystal structure at 1, 1.5,1.75,2,4,4.5 and
5 GPa using the measured crystal structure for both low pressure and high
pressure phases, in order to increase the coverage of the electronic band

structure computation. We note that the DFT calculations for pressures
above 3.5 GPa assume no further phase transitions from the P2,/c phase and
are hence speculative, although a potential P2;/m phase has been proposed
in this pressure range’. To compute the bandgap at various pressures, we
used experimentally determined P-V curve to estimate volumes at selected
pressures. Experimental structure and lattice parameters were scaled
according to the estimated volume before relaxing the structure. Starting
from these structures, we relaxed the atomic positions and the shape of the
simulation cell while keeping the volume fixed”. The justification for this
optimization procedure is provided in the Supplementary Note 1 and
Figure S7.

Data availability

High pressure SXD crystallographic data for the structures reported in this
article have been deposited at the Cambridge Crystallographic Data Centre.
The specific deposition numbers are 2349102 (1 bar), 2349100 (0.27 GPa),
2349101 (0.63 GPa), 2349103 (1.30 GPa), 2349104 (2.08 GPa), 2349107
(2.47 GPa), 2349105 (3.50 GPa), 2349106 (2.98 GPa, decompression), and
2361519 (decompression, quenched to 1 bar). Copies of the data can be
obtained free of charge at https://www.ccdc.cam.ac.uk/structures/. Data are
also available in Supplementary Data 1.
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