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ABSTRACT: Organometal halide perovskites offer tremendous potential in
developing optoelectronic and photovoltaic devices because of their
spectacular band gap properties. Pressure has been demonstrated to be able
to modulate their band gap in the energy range of visible spectrum, except in
the high-energy region of ~2.5—3.0 eV. In this work, we present a high-
pressure study of propylammonium lead bromide perovskite and reveal that
the band gap can be tuned between the energy of violet light and yellow light
(~3.0—2.2 eV) by pressure. Upon compression, the band gap of this material
is progressively altered from ~3.0 eV at ambient pressure to 2.28 eV at 9.5
GPa. At a relatively low pressure of 1.3 GPa, a triclinic-to-monoclinic
structural transition is also observed with a ~4.7% band gap reduction.
Interestingly, in the pressure range of 9.5—20 GPa, the amorphization of the
material leads to an anomalously enlarged band gap as a result of the disorder
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of organic cations, the slightly distorted [PbBr]*~ octahedra. The variation of band gap of this perovskite at high pressures is
explored to be closely attributed to the lattice density and octahedra distortion of amorphous phase. Findings of this work
demonstrate that the band gap of organometal perovskites realizes the first redshift from the violet to visible region through the
control of lattice parameter and crystal symmetry at high pressures, providing potential communication and sensing devices
ranging from violet to yellow at high pressures. Our results also improve the understanding of the structures and properties of

organometal halide perovskites.

1. INTRODUCTION

Organometal perovskites are a class of important semi-
conductors and have been extensively studied and used for a
wide range of applications,1 including solar cells,” photo-
detectors,’ light-emitting diodes,* and lasers,’ owing to their
unique properties,” such as tunable band gap,” high absorption
efficiency,” and long charge diffusion distances.”'’ Most of
these compounds preferably adopt perovskite-type crystal
structures composed of an inorganic framework and organic
anions with a general formula of ABX;, where A is an organic
ammonium cation, B denotes Pb** or Sn®', and X represents
the halide anion."' As commonly accepted, the electronic
structure of organometal perovskites is mainly determined by
the inorganic component, which strongly interacts with their
surrounded organic anions.”*™'° As a result, the electronic
properties such as the mobility of charge carrier'*'*™"? and
band gap”?"™*’ of these materials can easily be tuned by
chemical methods (i.e., chemical pressure) by substitution of
the metal cations, organic cations, or halide anions or by
heteroelemental doping. However, the interaction between the
organic and inorganic components is complicated and has not
yet been well understood, but it is vital for understanding the
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fundamental properties of these perovskites, calling for more
rigorous data to explore this intriguing issue.

Alternative to chemical manipulation, pressure (P) provides
a clean and effective approach to effectively tune the crystal
structure and electronic properties without involving compo-
sition change. Because most organometal perovskites are very
soft and compressible, their structural and electronic properties
would be readily altered at high pressures.”*™** Decades of
experimental efforts along this line have led to the discovery of
a surge of new perovskite phases with exceptional electronic
properties. Resistivity of MAPbBr; (MA = CH3;NH;*), for
example, has been reported to show a significant increase by 5
orders of magnitude at high pressures, whereas its semi-
conducting character is well preserved.’® In contrast, pressure-
induced metallization in (MA)Pbl, semiconductor has recently
been unveiled at 60 GPa.”* A piezochromism phenomenon has
also been observed in FAPbBr; (FA denotes NH,CH=NH,")
at high pressures.”> However, to date, the study of organometal
perovskites at high pressures is not sufficient and is limited to a
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few material systems only, mainly including the methylammo-
nium- and formamidinium-based halide perovskites. Moreover,
the band gap in the region of ~2.5-3.0 eV has not been
realized under pressure,” which is crucial for applications in
optoelectronic and photovoltaic devices.

Among the organometal perovskites, propylammonium lead
bromide, CH;CH,CH,NH;PbBr; (PAPbBr;), is one of most
exciting one-dimensional chain structure materials. This
compound possesses a wide band gap of ~3.0 eV and is
visibly transparent, holding great promise for wide variety of
applications, such as transparent optoelectronics, fire and
missile plume detections, and in devices for optical
communications.””*” The suitable structure and optimal
band gap of PAPbBr; are key factors for these applications.
However, PAPbBr; has sparsely been studied by far and the
knowledge on the relationship between its structure and
properties is still lacking, which will severely limit the
fundamental study and practical applications of this material.
In this work, we have systematically investigated the structural
stability and optical properties of PAPbBr; using high-pressure
X-ray diffraction and Raman, ultraviolet—visible (UV—vis)
absorption, and photoluminescence spectroscopy measure-
ments. Our experiments have led to a series of new discoveries
for this material including pressure-induced structural tran-
sitions, amorphization, and band gap evolution, which will
offer new opportunities for the study and application of
organometal perovskites.

2. EXPERIMENTAL DETAILS

High-purity PAPbBr; microplates with an average thickness of
1S pm and white color (>99% pure) were purchased from
Xi’an Polymer Light Technology Corp. In situ high-pressure
photoluminescence (PL) and Raman spectroscopy measure-
ments were conducted using a Renishaw inVia Raman system
equipped with two available excitation lasers of 325 and 532
nm in wavelength. The in situ high-pressure ultraviolet—visible
(UV—vis) absorption spectroscopy experiment was performed
using a deuterium—halogen light source, and the absorption
data were collected using an optical fiber spectrometer with a
response time of 1 s. The band gap of PAPbBr; was estimated
by intercept of the absorption edge onto the energy axis from a
plot (ahv)? versus photon energy (hv).** In situ high-pressure
X-ray diffraction (XRD) experiments were performed at the
4W2 station of the Beijing Synchrotron Radiation facility
(BSRF) with a wavelength of 0.6199 A. The collected two-
dimensional (2D) diffraction patterns were integrated into
one-dimensional spectra using the FIT2D program.”” The
XRD data were analyzed using the Pawley method.””*" In each
high-pressure experiment, a symmetrical diamond anvil cell
(DAC) with a 300 ym culet size was used to generate high
pressures. A stainless steel T301 gasket was preindented to
~40 pm in thickness, and a sample hole of 120 ym in diameter
was drilled in the center of gasket. Before the experiment, the
sample powders were loaded in the sample hole with silicon oil
as the pressure-transmitting medium for improving hydrostatic
pressure conditions. The pressure of the cell was calculated
using a ruby scale.”” In fact, the material is soft enough and it
can be served as a good pressure-transmitting medium for
itself. Therefore, to maintain a clean sample environment, no
pressure-transmitting medium was used for Raman, photo-
luminescence (PL), and XRD experiments.

3. RESULTS AND DISCUSSION

Figure la shows the integrated XRD patterns of PAPbBr;
collected during compression and decompression at room
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Figure 1. (a) Representative X-ray diffraction patterns of PAPbBr,
taken during the compression and decompression processes at room
temperature. (b—c) Refined XRD patterns taken at 0.1 and 2.1 GPa,
respectively.

temperature. At low pressures, the XRD pattern can be indexed
by a triclinic symmetry with space group P1 (No. 2). For the
XRD data taken at 0.1 GPa, the refined lattice parameters are a
=5.9152 A, b =5.7686 A, and ¢ = 15.1244 A (Figure 1b). With
the increasing pressure, all Bragg diffraction peaks shift to the
larger 20 angle and are slightly broadened. Apparently, no
phase transition is observed below 0.7 GPa. Above 1.3 GPa, a
number of new weak peaks appear at 6.6—15.5°, indicating the
occurrence of structure transformation. The new phase can be
indexed by a P2/m monoclinic phase with refined lattice
parameters a = 11.7404 A, b = 5.8101 A, and ¢ = 4.8558 A
(Figure 1c). Above 9.3 GPa, a number of Bragg reflections
disappear and leave behind a few profoundly broadened peaks,
signaling the amorphization process with a significantly
disordered structure. Because the chemical bonds in inorganic
skeleton are much stronger than those in organic molecules, it
is expected that the pressure would induce large disorder and
distortion in the organic cation and the inorganic octahedra of
PAPDbBr;, respectively. Because of the reversibility of phase
transition, the amorphous phase starts to transform back to the
Pl phase below 3.3 GPa upon decompression and is
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completely recovered at 0.5 GPa. A similar phenomenon has
also been observed in other organic perovskite material
S)fstems.24’32’33

To deeply understand the behavior of the organic cations at
pressures, we performed high-pressure Raman spectroscopy
measurement for PAPbBr;, as shown in Figure 2. As the
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Figure 2. Raman spectra of PAPbBr; collected at different pressures
and room temperatures. The strongest peak centered at 1333 cm™
corresponds to diamond. Green and pink lines denote the associated
data taken on compression and decompression, respectively. The
black solid dots represent new peaks at high pressures.
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Figure 3. (a) Selected high-pressure PL spectra of PAPbBr; and (b)
wavelength of the PL peak as a function of pressure.

FAPbL,."* With further increasing the pressure, the intensity of
the PL spectrum is rapidly reduced and almost undetectable
above 7.3 GPa, likely due to the increased background and
atomic disorder. The novel pressure dependence of the PL
spectrum is similar to the situation in recently reported
MAPbBr;** and FAPbBr;.*”

To determine the band gap, the UV—vis absorption
spectroscopy measurement for this compound was performed
at high pressures, as shown in Figure 4. The absorption edge

pressure is increased to 1.5 GPa, three new weak peaks appear
in the Raman spectra and their intensities gradually increase
with the increasing pressure. At 3.3 GPa, a few extra peaks
suddenly emerge in the 800—1300 cm™' frequency range,
corresponding to the triclinic—monoclinic phase transition as
identified in the XRD experiment. At 7.9 GPa, the absence of
Raman modes associated with the organic component suggests
that the organic cations are severely disordered at high
pressures. This is because the PA" cation is very soft and its
local structure is sensitive to pressure. The resultant pressure-
induced amorphization is analogous to previous studies in
other halide perovskites,”* owing to the disorder of organic
cations and the tilting distortion of [PbBrg]*  octahedra.
Additional atomic disorder of the interstitial organic molecules
originates from shrinking of the disordered octahedral voids at
pressures, which contributes to the amorphization process.
With the decreasing pressure, such a high-pressure amorphous
phase gradually recrystallizes back to its original structure (see
Figure 2), which is in an excellent agreement with the XRD
measurement.

Figure 3 shows the high-pressure PL spectra for PAPbBr;. At
ambient pressure, the sample has a strong emission band
centered at ~409 nm, corresponding to the violet color in the
visible spectrum range. Clearly, with the increasing pressure,
the emission band is progressively shifted to the low-energy
side of the spectrum, an indication of redshift. At ~1.3 GPa,
two new peaks appear at around 430 and 480 nm, which
confirm the structural transition in this compound as
demonstrated in both XRD and Raman measurements. The
observation of new PL peaks attributable to the P2/m
polymorph suggests that the band gap is strongly affected by
the pressure-induced reorientation of the [PbBry]*~ octahedral,
and this phenomenon is similar to high-pressure PL spectra of
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Figure 4. (a, b) Selected UV—vis absorption spectra of PAPbBr,
under compression and (c) evolution of the band gap with pressure.
The error bars are within the symbols. The inset is an enlarged
portion to show details. The derived slopes are also included.

shows a gradual redshift as the pressure increases to ~9.5 GPa.
Strikingly, a blueshift occurs in the pressure range of 10—20
GPa, followed by another redshift at pressure up to 50.6 GPa.
For the lead bromide perovskites, band gaps are mainly
attributed to the hybridized Pb 6s and Br 4p orbitals in the
valence band and the Pb 6p orbital in the conduction band.
Thus, the distortion of organic cations will influence the
inorganic component, which is eventually manifested by the
variation of band gap.'”’~"° As plotted in Figure 4c, the
pressure dependence of band gap is determined using the Tauc
method; at ambient conditions, the thus-determined band gap
is 2.97 eV. Below 9.5 GPa, the reduction of band gap is a result
of lattice contraction because the orbital will be largely
overlapped and will consequently increase the band dispersion
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as the bond is shortened at pressure. An abrupt decrease of
band gap takes place at 1.7 GPa with a distinct slope change,
inferring the occurrence of phase transition (inset of Figure
4c), in consistence with the observations in our XRD, Raman,
and PL experiments. The slight differences of the phase
transition pressure observed in the absorption, XRD, Raman,
and PL measurements are possibly due to the different
deviatoric stresses™™* generated in DAC. It is noted that a
23.2% band gap narrowing is achieved at 9.5 GPa (i, E, ~
2.28 eV). Besides, the band structure of this material can be
inferred from the shape of the absorption edge. At the critical
pressure of 9.5 GPa, the absorption edge exhibits a dramatical
shape change with a relatively flattened slope, implying a
direct-to-indirect band gap transition. The blueshift of band
gap in the pressure range of 10—20 GPa is mainly attributed to
the pressure-induced amorphization because the overlap of
elemental orbital is suppressed by the breaking of long-range
order of atoms and the distortion of octahedra.”® Apparently,
pressure and amorphization have opposite effects on band gap
and the latter trends to increase the band gap, in strikingly
contrary to the former. From this point of view, the slight
increase of band gap in the pressure range of 10—20 GPa can
be more suitably explained as a result of the competition
between two opposite effects at pressure and the amorphiza-
tion effect prevails. This amorphization process is complete at
20 GPa and will not have a drastic influence on the band gap at
higher pressures. Therefore, a decrease of band gap above 20
GPa should be intimately attributed to the pressure effect.

4. CONCLUSIONS

In summary, we have investigated the structural and electronic
properties of PAPbBr; under high pressures. A pressure-
induced triclinic-to-monoclinic phase transition and subse-
quent amorphization are observed. The pressure-induced
amorphization is attributed to the destruction of long-range
order of organic molecules and distortion of the Pb—Br
skeleton. The large variation in band gap under pressure is
observed and is found to be well correlated with the pressure-
induced phase transition. Discoveries of this work provide an
in-depth understanding of the variation of band gap in
PAPDBr; due to lattice contraction and structural change at
high pressures. The sensitivity of band gap of this material to
pressure would provide a rational design strategy for the
fabrication of PAPbBr;-based sensor/switcher devices.
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