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ABSTRACT: Two-dimensional (2D) hybrid organic—inorganic metal halide perovskites ~ 2* 14
(HOIPs) with considerably hydrophobic phenyl ethylammonium (PEA) organic cations
have been used in highly efficient solar cells and LEDs, which are stable and enjoy a long

lifetime, even when exposed to moisture. Different from other 2D HOIPs with alkyl ;2'2

amine cations, a benzene ring is present in the PEA cation. Until recently, an 2 06
understanding of the effects of PEA on the structural, electronic, and optical properties of & 20

2D HOIPs under pressure has remained limited. We find that there is a direct—indirect E 04
band gap transition at around 5.8 GPa and that the direct band gap recovers when the

pressure is released. The stacking order of the benzene rings in the PEA cation plays a 02
critical role in the mechanical and electronic properties. Our present work demonstrates

that 2D HOIPs with organic cations containing benzene rings prove highly attractive for 0.0

use in flexible optoelectronics. Pressure (GP)

the construction of flexible solar cells'”'* and flexible
LEDs.">™" In the practical applications of flexible devices,
the essential tensile and compressive strain on the functional
material is very important.">'” In addition, even for traditional
electronics, device performance and stability are also important
under extreme conditions, such as high pressure.””*' There-
fore, the study of the structural, electronic, and optical
properties of 2D HOIPs under high pressure is important,
not only in practical terms, but also in the context of obtaining
a fundamental understanding of structure—property relations.
There are various high-pressure studies of three-dimensional
HOIPs, such as MAPbI,,**7?® HC(NH,)PbI,,*’
CH,NH;Snl;,** CH;NH,PbBr;,”” and FAPbBr;.”° However,
very few studies have been reported on 2D HOIPs, such as
(PEA),PbBr,,*" (BA),Pbl,,** and (NMA),PbCl,.*

In this work, we study the electronic and optical properties

wo-dimensional (2D) hybrid organic—inorganic metal

halide perovskites (HOIPs) have a sandwich structure
with alternating organic and inorganic components. The
organic component is considered a dielectric layer, and the
carriers are confined to the inorganic component. Because the
inorganic component is atomically thin, the exciton binding
energy is very large, which leads to quite efficient radiative
recombination. 2D HOIPs, therefore, hold great promise for
light-emitting diode (LED) applications." > The general
formula of 2D HOIPs is (RNH;),MX,, where R is an alkyl
or aromatic moiety, M a metal cation, and X a halogen atom.”
Different choices of R group will lead to different 2D HOIPs
with dlfferent layer—layer distances, binding energies, and
stabilities.”® Phenyl ethylammonium (PEA) has been used to
synthesize 2D HOIPs for the construction of highly eflicient
solar cells”® and LEDs.”'® Moreover, because of the high
hydrophobicity of the PEA* cation, optoelectronic devices

based on PEA 2D HOIPs exhibit high stability and long
lifetimes when suffering light and moisture exposure, indicatin§
their bright prospects in applications that suffer the same.'""'
With the development of flexible electronics and HOIPs, it
has been demonstrated that HOIPs possess great promise in
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of 2D halide perovskite with PEA under high pressures of up to
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Figure 1. Fluorescent images, PL spectra, and PL lifetime of (PEA),Pbl, under high pressure. (a) Fluorescent image of one (PEA),Pbl, sample
under a series of pressures. (b) PL spectra of (PEA),Pbl, under various high pressures. All spectra are normalized. (c) Pressure-dependent PL
intensity evolution of (PEA),Pbl,. (d) PL lifetime under pressure from 0 to 4.7 GPa.
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Figure 2. Optical absorption spectra and synchrotron XRD patterns of (PEA),Pbl, under high pressure. (a) Optical absorption spectra of
(PEA),Pbl, during compression and decompression at different pressures. (b) Color map of absorption during compression. (c) Synchrotron XRD
patterns of (PEA),Pbl, under compression of up to 9.2 GPa and ambient conditions after pressure release.

10 GPa by combining experimental and first-principles
calculations. A direct—indirect band gap transition at around
5.8 GPa was found. The direct band gap recovers when
pressure is released, indicating a high structural reversibility of
(PEA),Pbl, under high pressure, which depends critically on
the stacking order of the benzene rings. This work
demonstrates that 2D HOIPs with organic cations containing
benzene rings are highly attractive for use in flexible
optoelectronics.

Figure 1 shows the optical properties of (PEA),Pbl, under
high pressure. The single-crystalline (PEA),Pbl, is grown by
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using a method reported previously.”* Figure 1a shows that the
emission color of (PEA),Pbl, changes from green to red, and
the intensity decreases with increasing pressure, up to 10 GPa.
After the pressure releases, the emission color goes back to
green with decreasing intensity. Figure 1b shows normalized
photoluminescence (PL) spectra under hydrostatic pressures
of up to 6.7 GPa. We observed that the PL peak of (PEA),Pbl,
shows a clear redshift with increasing pressure. The ambient
sample exhibits a green emission centered on 2.16 eV. At low
pressure, the PL emission peak shifts slightly toward longer
wavelengths, and the emission changes from green to red. At
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Figure 3. Crystal structures and atom-projected band structure of (PEA),Pbl,. The crystal structures of (a) AB stacking and (d) AA stacking
(PEA),Pbl,. Band structures of AB stacking under (b) 0 GPa and (c) 7 GPa. Band structures of AA stacking under (e) 0 GPa and (f) 7 GPa. Cyan,
magenta, and blue colors represent orbitals from Pb atoms, I atoms, and (C, H, N) groups, respectively. For a specific band, if the orbital
contribution from a specific atom or group is larger than 0.7, the band with color is present; otherwise, it is omitted.

5.8 GPa, the emission becomes very weak, and a new peak at
2.07 eV appears. The dual peaks suggest the existence of two
phases, implying a possible phase transition at around 5.8 GPa.
With further increasing pressure, i.e. up to 6.7 GPa, only the
new peak at 2.07 eV is observed, indicating that (PEA),Pbl,
completely transits to a new phase. After the return to ambient
pressure, the PL emission peak returns to that before
pressurization.

The PL intensity of the emission decreases with the increase
in pressure, as shown in Figure lc. With a further pressure
increment, the luminescence becomes weaker and gradually
disappears at 7.2 GPa. After pressure release occurs, the energy
of the emission peak returns to 2.18 eV, and the emission color
returns to green. However, because the crystalline structure is
not fully recovered after pressure release, the PL emission
intensity is weaker than that under low pressure, e.g. 1.6 GPa.

Changes in crystal structures may also alter carrier
properties, explored by in situ time-resolved photolumines-
cence (TRPL), shown in Figure 1d. The fluorescence of
(PEA),Pbl, under higher pressure was too weak and the
single-photon signals were too difficult to integrate to acquire
PL decay curves; therefore, we show only the changes in
lifetime under pressure less than 5.0 GPa. All the PL decay
curves are well-fitted by biexponential functions with two
lifetime parameters. The fast decay channel (t; = 0.49 ns)
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refers to defect trapping, while the slow decay channel (t, = 24
ns) refers to radiative recombination.*>*® With increasing
pressure, the lifetimes of both channels are reduced. Significant
shortening of the lifetime for the fast decay channel can be
attributed to the increasing defects induced by high pressure.
Moreover, the proportion of the slow decay channel is
markedly reduced, and the longer lifetime almost vanishes
when the pressure rises to 2.4 GPa. The intensity of
luminescence decreases with increasing pressure, which is
consistent with the changes in the slow decay proportion.

Absorption spectra under high pressure and ambient
pressure after pressure release are shown in Figure 2a. At 0.4
GPa, a steep absorption edge is observed at about 2.25 eV,
which gradually redshifts with increasing pressure. The
movement of the absorption edge is consistent with the
fluorescent color changes from green to red. When the
pressure reaches 5.8 GPa, the absorption edge shows an
exaggerated blue shift, which implies the emergence of a phase
transition (see Figure 2b). In addition, by fitting absorbance
with photon energy in Figure SI, we can deduce that it is a
direct semiconductor under 0.4 GPa, while indirect under 8.2
GPa. The absorption spectrum after high-pressure release is
close to that at 0.4 GPa (see Figure 2a).

Figure 2c shows synchrotron XRD patterns of (PEA),Pbl,
under compression of up to 9.2 GPa. At 5.8 GPa, the peak at
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9.3° disappears. In addition, peaks around 5.87° and 11.72°
shift to larger angles with a pressure increase from 0.65 to 5.8
GPa but remain almost unchanged with further increasing
pressure. We can also deduce that a structural transformation
occurs at 5.8 GPa, because with increasing pressure, broad
bands appear in the XRD profile. Because the crystal structure
of (PEA),Pbl, is built from an inorganic skeleton of Pbl, and
an organic cation of PEA with different bonding strengths, the
broad bands can be attributed to the pressure-induced
deformation of the Pbl, skeleton, which has been reported
in previous studies on various hybrid perovskites under high
pressure.”” After pressure release, we observed that the XRD
peaks restored to that at 0.7 GPa with a slight shift of peak
positions. This indicates that the high-pressure phase returns
to the original (PEA),Pbl, crystalline form with almost
identical cell parameters; moreover, the (PEA),Pbl, structure
is reversible, even under high pressure, up to 9.2 GPa.

From previous research, we can infer that the perovskite
structure consists of individual [PbL,]*” octahedral layers
which are separated by a double layer of PEA molecules,
resulting in a sandwich structure, as shown Figure 3. There
exist two estimated structures of (PEA),Pbl,: One is AB
stacking in which the two adjacent layers [PbI,]*~ octahedron
have a 50% shift in the “b” direction, and the orientations of
the benzene rings of the adjacent two layers are perpendicular
to each other,””*” as shown in Figure 3a. The other is AA
stacking,‘m’41 in which the directions of the benzene rings are
parallel (see Figure 3d). Some other stackings are also
considered (see Figure S2). According to the enthalpy
difference, we can find that AA stacking is the most stable
phase under 7 GPa (see Figure S3). We calculate the electronic
band structures of the (PEA),Pbl, in AB and AA stackings as a
function of pressure by using density functional theory (DFT)
calculations. Four representative band structures of AB and AA
stacking at 0 and 7 GPa are shown in Figure 3b,c,e,f. The AB
stacking (PEA),Pbl, has a direct band gap of 2.16 eV at 0 GPa.
The nature of the direct band gap remains as pressure increases
to 10 GPa; for example, the band structure at 7 GPa is shown
in Figure 3c. In contrast, the band gap of AA stacking is
indirect under high pressure, from 0 to 10 GPa. Figure 3ef
shows the indirect band gap nature of AA stacking (PEA),Pbl,
at 0 and 7 GPa. Therefore, the electronic phase transition at
5.8 GPa from a direct to an indirect band gap can possibly be
attributed to the structural phase transition from AB to AA
stacking (PEA),Pbl,.

To further verify the critical pressure of the phase transition
from AB to AA, the enthalpy difference of AA and AB stacking
(PEA),Pbl, as a function of pressure was calculated and is
shown in Figure 4a. It is evident that under the critical pressure
of 5.83 GPa, the enthalpy of AA stacking (PEA),Pbl, is larger
than that of AB. Beyond the critical pressure, the enthalpy of
AA is smaller than that of AB, indicating a pressure-induced
phase transition from AB to AA. We used the linear part of
Tauc plots of the absorption edge to extract the band gap.*
When the pressure is greater than 5.8 GPa, there is a turning
point in the band gap of the experiment, indicating a phase
transition. Figure 4b shows the experimental optical direct
band gap decreasing from 2.26 to 1.83 eV from 0 to 5.8 GPa
and then jumping to 1.95 eV (indirect band gap). With further
increasing pressure from 5.8 to 8.0 GPa, the indirect band gap
decreases. The theoretical band gaps of AB and AA stacking
(PEA),Pbl, are calculated to compare with experimental
results. Before the phase-transition point, the calculated band
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Figure 4. (a) Enthalpy difference of AA and AB stacking (PEA),Pbl,
under high pressure. (b) Experimental band gap of (PEA),Pbl, under
high pressure and theoretical band gap of AB and AA stacking
(PEA),Pbl, under high pressure. (c) Experimental and (d) theoretical
lattice parameters under high pressure.

gap of AB stacking decreases with increasing pressure, in good
agreement with experiments. The experimental band gap is
closer to that of AA stacking with further compression (>5.8
GPa). The value of critical pressure deduced from absorption
spectra is also 5.8 GPa.

Figure 4c shows the experimental variations in the lattice
constants of a and b; (PEA),Pbl, exhibits anisotropic axial
compressibility. At the initial pressure, the value of a is close to
that of b, but with increasing pressure, the difference between a
and b increases. There is an abrupt increase for lattice a at
around 5.8 GPa, and then a decrease. Figure 4d shows the
theoretical lattice parameters a and b for AB and AA stacking
(PEA),Pbl, as a function of pressure. The lattices a and b are
very close for AB stacking, while they are quite different from
each other for AA stacking. When panels ¢ and d of Figure 4
are compared, it is clear that there is a phase transition from
AB to AA at the critical pressure of 5.8 GPa.

The structural, electronic, and optical properties of various
hybrid perovskites, such as MAPbI,*>** HC(NH,)Pbl,,*’
CH;NH,SnlI;,”® CH;NH,PbBr,,”” FAPbBr,,*’
(PEA),PbBr4,”" and (NMA),PbCl,,** have been investigated
in recent years. For example, MAPbX; with high energy
conversion efficiency has been considered to be an excellent
photovoltaic material. Many studies of MAPbI; under high
pressure have been reported to date. Jaffe et al. reported the
pressure effect on the electronic landscapes, excited-state
dynamics, and photophysical and transport properties of
MAPDL,.* Szafranski et al. systematically studied the structure
and optical properties of MAPbI, as a function of pressure.”*
Francisco-Lopez et al. found three structure phase transitions
occur in MAPbI, at 0.4, 2.7, and 3.3 GPa.> Wang et al.
reported that pressure induced an indirect-to-direct band gap
transition in MAPI, and the direct transition lead to a strong
light absorption.”” Most hybrid perovskites undergo an order—
disorder phase transition under high pressure. It has been
reported that PL spectrum of (PEA),PbBr, a cousin of
(PEA),Pbl,, shows broad peak under high pressure, which is
attributed to the deformable PbBr, skeleton structure.’!
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However, the details of deformation are unknown in this
study.’’ In the present work, we found that a stacking-order
change from AB to AA under high pressure is responsible for
the direct-to-indirect band-structure transformation. One
major structural difference between AB and AA stacking is
the orientation of the benzene rings in adjacent layers, together
with an interlayer shift. In addition, we propose that the
benzene ring in the organic cation further enhances the
structural reversibility of (PEA),Pbl, under high pressure, up
to 10 GPa. The benzene ring also exists in (PEA),PbBr,, and
reversibility is also expected. However, the pressure value in a
previous study of (PEA),PbBr, was 28 GPa, which is very large
and induces structural destruction.®!

Though orbital hybridization exists between Pb and I atoms,
the highest valence band and lowest conduction band of both
stackings at 0 GPa are mainly dominated by orbitals from I and
Pb atoms, as shown in panels b and e of Figure 3, respectively.
This indicates that the stacking order has only a slight
influence on the orbital contribution in the highest valence
band and lowest conduction band. At 7 GPa, the occupation of
energy states in the highest valence band and lowest
conduction band for both stackings is still mainly from the
orbitals of I and Pb atoms, respectively (see Figure 3cf).
Though the high pressure does not alter the main orbital
contribution in the highest valence band and lowest
conduction band, the orbital hybridization between Pb and I
atoms is enhanced because of Pb—I bond contraction under
high pressure (see Figures S5 and S6). The high pressure also
leads to a band gap reduction for both AB and AA stacking
(PEA),Pbl,. The reduction of the band gap originates from the
enhanced orbital overlap in the Pbl octahedra; therefore, Pb—
I bond contraction in Pblg octahedra is not responsible for the
direct-to-indirect band gap transition.

Stacking order is a critical factor in determining the
electronic and optical properties of 2D van der Waals
materials. However, there is no reordering of stacking reported
in other 2D HOIPs under high pressure, such as
(C,HoNH,),Pbl, " Here, we demonstrate that high pressure
induces not only bond-length contraction but also the
stacking-order variation in (PEA),Pbl,. PEA behaves as a
spring, which can restore its original structure after pressure
release. The benzene ring in PEA plays a critical role in the
stacking order transition from AB to AA under high pressure,
and it therefore can be viewed as another factor in the
tunability of the electronic and optical properties of
(PEA),PbL,.

In summary, the structural, electronic, and optical properties
of 2D HOIP (PEA),Pbl, under high pressure, up to 10 GPa,
have been investigated. First, we confirmed that the stacking
order of (PEA),Pbl, is AB stacking with a direct band gap, in
ambient conditions. Second, the color of PL can be tuned from
green to red under high pressure because of band gap
narrowing. Third, a direct—indirect band gap transition at
around 5.8 GPa has been revealed by absorption and PL
spectra. The high-pressure phase with the indirect band gap is
attributed to AA stacking (PEA),Pbl, based on XRD and first-
principles calculations. Fourth, (PEA),Pbl, recovers an AB
stacking order with a direct band gap when pressure is released.
The benzene ring plays a critical role in the structural
reversibility of (PEA),Pbl, under high pressure. This work
demonstrates that 2D HOIPs with organic cations containing
benzene rings are highly attractive candidates for flexible
optoelectronic applications.
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B METHODS

All calculations used the Quantum ESPRESSO code® based
on density functional theory (DFT). To correct the London
dispersion van der Waals interaction, the DFT-D2 approach of
Grimme*® was applied. The Perdew—Burke—Ernzerhof para-
metrized generalized gradient approximation*” was used as the
exchange—correlation potential. The plane-wave cutoff was set
to 544 eV, and a 2 X 2 X 1 k mesh sampling was applied. All
the structures were relaxed until the force on each atom was
minimized below 1.94 X 107 eV/A.

A diamond anvil cell (DAC) with a 0.4 mm diamond culet
was used for generating high pressure in the experiments (see
Figure S4). The (PEA),Pbl, sample and the ruby were loaded
into a 0.14 mm diameter aperture, which was drilled in the
center of the preindented T301 gasket. Silicon oil was used as a
pressure-transmitting medium. Ruby fluorescence was applied
to calibrate the pressure value. All experiments were conducted
in ambient conditions.

An Ocean Optics QE65000 scientific-grade spectrometer
was applied for absorption signal detection. The absorption
spectra were measured based on the transmittance method.
Both the fluorescence spectra and absorption spectra were
collected with a Princeton Instruments HRS300 spectrometer
and an Andor DU970 EMCCD instrument. The fluorescence
spectra were measured with a Metatest Scanpro laser scanning
microscope equipped with a 488 nm laser. The fluorescence
pictures were taken on an Olympus BXS3 microscope. The
light source for the absorption spectra was a halogen lamp, and
the light source for the fluorescence picture was a high-power
450 nm LED.

ADXRD (angle dispersive X-ray diffraction) measurements
were conducted on the 4W2 beamline at the High-Pressure
Station of the Beijing Synchrotron Radiation Facility (BSRF)
using an image plate area detector (Mar345) and focused
beam size of 20 X 30 um? CeO, was chosen as the standard
for geometrical calibration. Bragg diffraction rings were
converted into Elots of intensity versus 20 using the free
software Fit2D.*
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