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ABSTRACT: Lead halide perovskites have a rich landscape of structural and optical properties, which can be explored and
possibly controlled by applying high pressure. Despite several reports on high pressure studies of CsPbBr; nanocrystals
(NCs), there have so far been no studies under pressure that incorporate planar defects. CsPbBr; NCs with Ruddlesden-
Popper faults (RP), formed via post-synthetic fusion growth, are significantly larger in size than as-synthesized NCs and
display exceptional emission stability. Here, we compare synchrotron-based high pressure X-ray diffraction and photolu-
minescence (PL) properties of CsPbBr; (without RP) and RP-CsPbBr3 (with RP), and resolve their crystal structure under
pressure for the first time. CsPbBr; undergoes a phase transition from orthorhombic Pnma phase at ambient pressure to
cubic Pm3m phase at 1.7 GPa and RP-CsPbBr, transforms from Pnma to the monoclinic P2,/m phase at 0.74 GPa in addi-
tion to several isostructural transitions. Density-functional calculations predict a narrowing of the band gap with pres-
sure, concomitant with the PL energies. The RP-CsPbBr; NCs exhibit enhanced PL intensity at 1 GPa and show band gap
opening at high pressures. This study opens new strategies for tuning not just the structural properties but also tuning

planar defects in alkali halide lead crystals for improved optical properties.

INTRODUCTION

On account of their superior stability, high photolumi-
nescence (PL) quantum yield, prolonged carrier life times,
and narrow emission band widths over hybrid (organic-
inorganic) halide perovskites, all inorganic cesium lead
halide perovskite (CsPbX;, X = Br, Cl or I) nanocrystals are
attracting much attention as low-cost, high performing
semiconductors for optoelectronics.”® Similar to hybrid
halide perovskites, the CsPbX; family offers tunability in
its optical band gap energy through compositional chang-
es. Since CsPbX; can be easily synthesized as nanocrystals
(NCs), the optical properties may be further tuned by size
effects.

The halide perovskites have a rich phase diagram. Con-
ventionally, CsPbBr; stabilizes as untilted aristotype
Pm3m (Glazer tilt notation: a°a°a®) cubic perovskite
structure at 130 °C as a result of corner sharing of [PbBre]+
octahedra in all three directions, producing 3D infinite
[PbBr,]- frame works where the Cs atoms fill the cubocta-
hedral cavities.* 7 8 Upon cooling to around 88 °C, the
material undergoes a symmetry lowering phase transition
to a tetragonal structure with P4/mbm symmetry [Glazer
tilt notation: a°a°c*] due to the in-phase rotations of
PbBrs octahedra along the c-axis. Upon further cooling to
the ambient, the symmetry lowers again to an ortho-
rhombic structure with Pnma symmetry [Glazer tilt nota-

tion: a*b'b’] by the additional rotations of octahedra along
a and b axes.o™

Hydrostatic pressure offers a systematic control for tun-
ing structure, and thus the optical and electronic proper-
ties of metal halide perovskites, without any chemical
intervention. This technique not only yields insights into
structural and other aspects of materials at elevated pres-
sures> B but for NCs, as we see here, applying a small
pressure can also enhance the PL. Additionally, the tuna-
bility of optical and electronic properties under pressure
presents avenues for a feedback loop for improved syn-
thesis of materials. There have been several high pressure
studies reported on CsPbX; NCs using X-ray diffraction
(XRD), Raman scattering, optical absorption and PL stud-
ies;7 however, to-date the high pressure phases are not
completely resolved.

Pressure dependent structural and optical changes in
orthorhombic CsPbBr; NCs have been attributed to an
isostructural transition at ~1 GPa owing to the changes in
Pb-Br bond lengths and also due to the distortion of the
PbBrs octahedra.” The band gap changes under pressure
in CsPbBr; NCs are typically accompanied by a dramatic
reduction of the PL intensity on account of a loss of long-
range order, rendering the system to an amorphous state
caused by the tilting and distortion of the octahedra.4
Using small and wide-angle synchrotron X-ray scattering



combined with PL studies, Nagaoka et al. observed that a
mixture of cubic and orthorhombic CsPbBr; NCs at ambi-
ent conditions undergoes a pressure induced structural
phase transition to a pure orthorhombic phase at 0.4 GPa
and afterwards to a quasi-amorphous phase around 5
GPa.® A theoretical report predicts the orthorhombic
phase of CsPbBr; to undergo a structural phase transition
to hexagonal symmetry at 13 GPa through intermediate
lower symmetry phases. There are further predictions of
a paraelectric to ferroelectric transition at 15 GPa.>°

There have been recent reports on CsPbBry; NCs with
Ruddlesden-Popper (RP) faults,* which thus far had
been only observed in 3D oxide perovskites,> 25 and in
other 2D organic inorganic layered perovskites with high
photovoltaic and light-emitting diode efficiencies.?s 27
Density-functional theory (DFT) calculations show that
planar defects such as grain boundaries and RP faults in
CsPbBr; do not show any deep defect levels, provided
there are no Pb dangling bonds, but they can produce
band offsets and affect charge transport properties.’ In
fact, the presence of RP faults in CsPbBr; NCs is seen to
greatly enhance the PL quantum yield and enhance stabil-
ity against photodegradation.>> The CsPbBr; NCs with RP
faults may grow up to 60 nm in lateral dimension during
the post synthesis treatment compared to approximately
8 nm lateral dimension for regular NCs. The RP faults
appear due to the incorporation of a CsBr layer between
CsPbBr; domains; the two adjacent CsBr layers are shifted
with respect to each other by half a unit cell.

Thus far, there are no high pressure structural and op-
tical investigations of CsPbBr; NCs with RP faults. Here,
we compare synchrotron based XRD and PL studies from
CsPbBr; NCs (~8 nm) and CsPbBr; NCs (~35 nm) with RP
faults. The nomenclature used here is CsPbBry for NCs
(without RP faults) and the RP-CsPbBr; for NCs with the
presence of RP faults. Although the structure under am-
bient conditions indicates that both samples are ortho-
rhombic, the structural evolution under pressure is differ-
ent for the two NCs. We resolve the high pressure phase
of orthorhombic CsPbBr; and further confirm the experi-
mental PL results with DFT calculations. First-principles
calculations reveal a narrowing of the band gap with in-
creasing pressure. Since we have refined the lattice pa-
rameters and Wyckoff positions for various pressure val-
ues from the XRD data, we use the experimental input for
first-principles calculations. The simulated band gap en-
ergy under pressure shows a similar trend as the experi-
mental PL energies, further highlighting a self-consistent
structure-property prediction under pressure.

Although the PL energy red-shifts at low pressures for
both CsPbBr; and RP-CsPbBry NCs, the pressure coeffi-
cients are different. The RP-CsPbBr; sample shows an
increase in the PL energy beyond 0.8 GPa, whereas the
CsPbBr; sample continues to red-shift till 1.3 GPa, beyond
which the PL emission disappears. The PL intensity for
RP-CsPbBr; is seen to greatly enhance at ~1 GPa compared

to the ambient. In addition to the orthorhombic phase,
we stabilized NCs (with average size of 8.8 nm) that were
entirely in the cubic phase under ambient condition. The
PL of this cubic sample under pressure is further com-
pared with orthorhombic CsPbBr; and RP-CsPbBr; NCs
samples. More than just a tuning parameter, our results
suggest that pressure studies could provide insights into
the crystallographic phases of other alkali halide NCs that
have planar defects and direct synthesis to mimic the
high pressure phase for improved optical properties.

EXPERIMENTAL/THEORETICAL SECTION

Nanocrystal Growth. CsPbBr; nanocrystals were pre-
pared following the procedure reported by Protesescu et
al? Cs-oleate was injected into a mixture, containing
PbBr,, oleic acid, oleylamine and octadecene, under N,
atmosphere at 185 °C. Immediately after injection the
mixture was cooled with ice-water bath. Nanocrystals
were collected by centrifugation at 4000 rpm for 12 mins.
Ruddlesden-Popper planar faults were formed in CsPbBr3
nanocrystals by introducing diethyl zinc in the glovebox
under Ar atmosphere at room temperature.?> Detailed
synthesis procedure and experimental evidence of the
NCs with RP faults using high resolution scanning tunnel-
ing microscopy are provided in Refs.?>

Instrumentation and Methods. High pressure exper-
iments were carried out by using both symmetric and
Merrill Bassett type diamond anvil cells (DACs). The culet
sizes of the symmetric and the Merrill Bassett type DACs
used were 400 pm and 600 pm, respectively. A stainless-
steal gasket was preindented to a thickness of 60 pm with
diamond anvils and a hole of diameter about 180 pm was
drilled at the center using a laser drilling machine, which
acts as pressure chamber. The pressure was determined
using standard ruby fluorescence technique. The pressure
transmitting medium was neon.

Temperature (T) and pressure dependent PL measure-
ments were carried out in reflection and transmission
modes, respectively. Low T PL studies were carried in a
closed-cycle CTI refrigerator using the 325 nm wavelength
of a HeCd laser as the excitation source at a power of < 10
mW on the sample, and the PL spectra were collected
using Ocean Optics USB 2000. High pressure PL studies
were carried using the 457 nm line from an Ar* ion laser
as the excitation source; silicone oil was used as a pres-
sure transmitting medium. The pressure was determined
by using Renishaw in via Raman spectrometer with 514
nm Ar* ion laser as excitation source. The spectral resolu-
tion of the instrument is lower than 0.2 cm®, which re-
sults in pressure uncertainties being lower than o0.05 GPa.
PL measurements were carried by Merrill-Bassett type
DAC and the hydrostatic condition was achieved by load-
ing silicone oil inside the sample chamber.

High resolution transmission electron microscope
(TEM) images were obtained with an FEI Tecnai F30 Twin
300 kV.
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Figure 1. TEM images of CsPbBr3 NCs with and without RP planar faults. (a) High resolution TEM image of CsPbBr3 NCs. The
size distribution profile is shown as an inset at the bottom right. The average size of the NCs is about 8 nm. (b) TEM image of
RP-CsPbBr3 NCs with a close-up image of an RP fault (top) depicted by the red arrow and the size distribution profile (bottom).

The average size is about 32 nm.

High Pressure Synchrotron XRD. High pressure an-
gle dispersive synchrotron XRD (ADXRD) experiments
were carried out at 16-BMD, HPCAT, Advanced Photon
Source (APS), Argonne National Laboratory. The wave-
length of X-ray used were 0.4133 A and 0.4959 A. Ne gas
was used as a pressure transmitting medium and it was
loaded at GSECARS, Sector 13, APS. The sample to detec-
tor distance was calibrated using CeOz and the XRD im-
age was collected by an image plate detector. The 2D im-
age was integrated to obtain the 1D intensity vs 26 data by
Fitzad software.®® The lattice parameters were calculated
from the XRD pattern by Rietveld refinement and profile
matching using the FullProf Suite software.>® The lattice
parameters and U, V, W width parameters, zero correc-
tion, background, and the Wyckoff positions are refined
until the goodness of fit conditions are achieved. The pro-
file parameters were varied by using least square minimi-
zation method. A pseudo-Voight function was used as
peak shape function. The profile parameters: Rp, Rwp, Rs,
and chi square values were used as guidance to achieve
the goodness of fit. The crystal structures were plotted
using VESTA.

Computational Details. The band structure calcula-
tions were performed using plane-wave pseudopotentials
as implemented in the ABINIT electron structure code.*
3t The core electrons were eliminated from the calculation
using norm-conserving pseudopotentials generated by
ONCVPSP.3*> We chose the functional developed by
Perdew, Burke, and Ernzerhof (PBE) as the exchange-
correlation functional,3 and used a cutoff energy of 20 Ha
(544 eV). A reciprocal space sampling of an 8x8x8 Monk-
horst-Pack mesh34 with a T center was used for all calcula-
tions. The input structures for all of the calculations were
from the solved structures based on XRD data. The only
exception was the cubic phase, where the higher pressure

data points were simulated using the experimental
change in volume (for the orthorhombic phase) under
pressure. No structural relaxations were performed.

RESULTS AND DISCUSSION

TEM Images. Detailed characterization and analysis of
RP faults are provided in Refs. [*> 3]. Figure 1a, b show
high resolution TEM images of CsPbBr; and RP-CsPbBr,
used in the high pressure experiments. The average size of
RP-CsPbBr; is ~ 32 nm compared to 8 nm for CsPbBr,
NCs. Figure 1b shows a close-up image of an RP fault. Ad-
ditional evidence of RP faults using high-angle annular
dark field images are provided in Supporting Information
(Figure S1)

Temperature-Dependent PL Measurements. The PL
spectrum of CsPbBr; NCs is characterized by a narrow
peak in the green region of the spectrum. Figure 2 shows
the normalized PL spectra from thin film samples that
were cast from CsPbBr;and RP-CsPbBr; samples at select-
ed temperatures. There is a slight bathochromic shift in
the PL spectra since they are thin film samples compared
to the PL from colloidal solutions in Ref. 2. The PL peak
was fitted with a Gaussian peak to obtain the peak posi-
tion and the full width at half maximum (FWHM); a sam-
ple fit is shown in Figure 2 c (inset). As expected, due to
the larger size of NCs in RP-CsPbBr; compared to CsPbBr;
NCs, the PL energy is red-shifted. Despite the significant
size increase in RP-NCs, the luminescence shows a rela-
tively small red-shift compared to NCs, which we believe
is due to the RP-induced quantum confinement effect and
not due to any 2D nanostructures. There is hardly any
change in the PL peak position (within 2 nm) for either
of the samples in the temperature range of 60 K - 300 K.
These results are consistent with a homogeneous particle
size distribution along with quantum confinement effects
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Figure 2. Temperature-dependent PL spectra of CsPbBr3 NCs. (
shows an optical image of the PL through a cryostat window.
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a) PL spectra of CsPbBr3 NCs at selected temperatures. The inset
(b) The temperature dependence of PL peak position and full

width at half maximum (FWHM) of CsPbBr3 NCs. (c) PL spectra of RP-CsPbBr3 NCs at selected temperatures. The inset shows a
fit to the 295 K PL data with a Gaussian peak and a linear background. (d) The temperature dependence of PL peak position and
FWHM of RP-CsPbBr3 NCs. The error bars are from the Gaussian-fitting uncertainty.

in both samples. We note that the temperature depend-
ence of the PL spectra observed here contrasts several
works, where due to the large particle size a significant
shift in the PL peak position with temperature was ob-
served.3> 36

Despite the small shifts in the PL energy as a function
of temperature, some differences are observed between
CsPbBr3 and RP-CsPbBr3. Except for an anomaly in the
peak position at ~200 K, the overall trend in CsPbBr3 is a
red-shift in PL energies with increasing temperature (note
that the PL peak positions are plotted in nm and not in
eV). The red-shift in energy with temperature is typical of
quantum wells and bulk semiconductors due to a renor-
malization of band energies by electron-phonon interac-
tions.3” In semiconducting quantum dots, however, de-
pending on the size distribution, the PL energies often
blue-shift due to a loss of carriers from the larger quan-
tum dots that have lower energies to the smaller quantum
dots with higher energies.?®

To get further insight into the changes in PL, we have
carried out laboratory based low temperature XRD until
90 K in CsPbBry NCs. Temperature dependence of both
lattice parameters and volume exhibit an anomaly at ~230

K; detailed description is provided in Supporting Infor-
mation. Furthermore, a recent Raman scattering study
from CsPbBr3 NCs as a function of temperature shows an
order-disorder transition around 200 K39; therefore, the
observed anomaly in the PL at ~200 K could be related to
this transition. The PL energy in RP-CsPbBr3 remains
almost unchanged till 250 K, beyond which there is a
slight blue-shift (of ~ 7 meV between 250 K and 300 K).
The origin of this shift is not clear, although it is conceiv-
able that it is a signature of a phase transition. As seen
later, pressure-induced structural transitions in RP-
CsPbBr3 and CsPbBr; have differences; hence, tempera-
ture-dependent phase transitions for the two samples
may also vary.

Although RP-CsPbBry has a broader size distribution
compared to CsPbBr;, the FWHM is narrow, especially at
low temperatures, which has been attributed to the reten-
tion of quantum confinement in the smaller domains
within the large domains.?*> The effective Bohr radius for
CsPbBr; is estimated to be ~ 7 nm;*> hence, the sample
without RPs is close to this limit. For the RP-CsPbBr,
sample, these results further confirm the confinement of
excitons in the small grains due to RP faults.
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Figure 3. Pressure dependent PL spectra, intensity, and energy of CsPbBr; and RP-CsPbBr;. (a) Pressure dependent PL spectra of
CsPbBr; NCs for selected pressures. (b) PL intensity of CsPbBr; NCs for selected pressures. The slanted red arrows indicate the
inflection points. (c) PL energy versus pressure of CsPbBry NCs. The linear pressure coefficient (P.) is denoted for the three re-
gions. The dotted lines represent the pressure values where the pressure coefficient changes. (d) Pressure dependent PL spectra
of RP-CsPbBr; NCs for selected pressures. (e) PL intensity of RP-CsPbBr; NCs for selected pressures. (f) PL energy versus pres-

sure for RP-CsPbBr; NCs.

Pressure-Dependent PL Measurements. Figure 3a
plots the PL spectra of CsPbBr; NCs at selected pressure
values. Since the same geometry and incident intensity of
the excitation laser was used for each measurement, the
intensities are comparable. The PL intensity decreases
with pressure with two inflections at 0.3 GPa and 0.9 GPa
as shown in Figure 3b. The PL spectra under pressure
were fitted with Gaussian line shapes to obtain the peak
positions, which are plotted in Figure 3c. The PL energies
(eV) are found to systematically red-shift and exhibit two
inflection points at ~0.3 GPa and ~o0.9 GPa respectively.
The linear pressure coefficient (P.)) was obtained from
E(P) = E(0) + P.P, where E(P) and E(o0) are the PL ener-

gies at pressure P and ambient pressure, respectively. The
disappearance of the PL peak above 1.3 GPa can possibly
be attributed to a structural phase transition as discussed
with the analysis of the XRD data. Moreover, the anomaly
at 0.9 GPa is concomitant with a broadening of the PL
peak, an indicator of a precursor to a structural phase
transition which is completed by 2.0 GPa. We note the PL
intensity follows a similar trend as the PL energy with
pressure.

The RP-CsPbBr; NCs exhibit a different PL behavior
under pressure compared to CsPbBr; NCs. Initially the PL
intensity decreases with pressure as shown in Figure 3d, e.
At 1 GPa, the PL spectrum becomes quite intense, even
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Figure 4. Calculated band structure and band gap of CsPbBr; as a function of pressure. (a) The electronic band edges of cubic
CsPbBrj; at selected pressures. (b) The band gap energy of cubic CsPbBr; as a function of pressure. (c) The electronic band edges
of orthorhombic CsPbBr; at selected pressures. (d) The band gap energy of the orthorhombic phase as a function of pressure.
The red circle corresponds to the band gap of the cubic phase at 1.7 GPa to correlate with the experimental observation.

stronger than under ambient conditions. Beyond this
pressure value, the PL intensity again decreases and final-
ly disappears around 1.6 GPa. Figure 3f plots the PL peak
position (in eV), which systematically red-shifts till 0.8
GPa and then steadily blue-shifts; beyond 1.6 GPa the PL
peak completely disappears.

Another batch of CsPbBr; NCs (without RPs) was also
measured, and the PL energies red-shift with pressure.
This contrasts several reports on CsPbBr; NCs.4 7 % A
hint of an increasing optical band gap with pressure is
only observed in RP-CsPbBr;. The PL spectra show revers-
ibility upon decreasing the pressure (Figure S2), although
there is some hysteresis.

Band-Structure Calculations. To get a deeper insight
into the changes in the electronic structure with pressure,
DFT calculations were performed to investigate the evolu-
tion of the electronic bands using the crystallographic
information file (CIF) from CsPbBr; under pressure ob-
tained from the experimental XRD measurements. Alt-
hough the general consensus is that CsPbBr; NCs stabilize
in the orthorhombic phase under atmospheric condi-
tions,4> 4 there are reports of the cubic or mixed ortho-
rhombic and cubic phases.> ® We thus estimate the
change in the band gap of a purely cubic phase where the
pressure effects on the band structure of this phase were
simulated in accordance with the observed volume
change for the (orthorhombic) sample. Figure 4 shows
the calculated band structures and the extracted band gap
energies (Eg) of cubic and orthorhombic CsPbBr; as a
function of pressure. Since the PBE functional underesti-
mates the band gap energy, our calculated band gap val-

ues are lower than the experimentally observed values,
although they agree very well with recent theoretical cal-
culations.® The orthorhombic and cubic phases of CsP-
bBr; are direct band gap at I and R symmetric points
(Figure 4a,c) of the Brillouin zone, respectively. Since the
orthorhombic phase transforms to the cubic phase be-
yond 1.5 GPa, as discussed later with the XRD data analy-
sis, the value of Eg at 1.7 GPa (in Figure 4d) corresponds to
the cubic phase. The trends in E, versus pressure agree
well with the experimental PL data, which further high-
lights the consistency in structure prediction of the high
pressure phases of CsPbBr;.

The blue shift seen in the experimental PL data of RP-
CsPbBr; above 0.8 GPa most likely originates from the
monoclinic structural phase transition along with the
presence of RP faults. An opening of the band gap with
pressure is not predicted from theory in the pressure
range of the calculations.

High Pressure XRD Measurements. In order to elu-
cidate the pressure induced changes observed in the PL
spectra, high pressure synchrotron XRD experiments
were carried out. The XRD measurements provide in-
sights into structural phase transitions as a result of the
tilting and rotation of Pb-Brs octahedra. The XRD meas-
urements from CsPbBr; NCs at ambient pressure confirm
that the NCs stabilize in orthorhombic structure with
Pnma symmetry. The lattice parameters extracted from
the ambient XRD pattern with Rietveld refinement are: a
= 83092(11) A, b = 1.75118) A, and ¢ = 8.185(1) A. Rietveld
refinements of both laboratory and synchrotron XRD data
of CsPbBr; NCs at ambient and at 0.25 GPa respectively
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are shown in Supporting Information (Figure S3). There
are differences in lattice parameters reported in litera-
ture.’® 4 Since the lattice parameters, a and c, are very
close to each other, it is not uncommon that there is a
significant fluctuation of one of the lattice parameters,
when they are refined together. Further, different synthe-
sis schemes and size distribution of NCs may also have an
impact.

Figure 5 presents our results from high pressure XRD
studies of CsPbBr; NCs. The high pressure synchrotron
XRD pattern at selected pressures is shown in Figure 5c
with the highest pressure being ~15 GPa. A close observa-
tion of the high pressure XRD pattern reveals that apart
from the usual shortening of d-spacing, there is a signifi-
cant decrease in intensity of the main XRD peaks along
with the vanishing of low d-spacing peaks above 1.2 GPa,
which indicates the commencement of a structural phase
transition. Finally, a complete rearrangement of intensi-
ties and broadening of the XRD peaks at 1.7 GPa confirm
that the phase transition is completed. The high pressure
phase seems to be robust up to the maximum pressure of
~15 GPa in this study. The broadening of the XRD peaks of
the high pressure phase suggests a loss in long-range or-
der.

The phase transitions observed in CsPbBr; NCs in this
work contrasts a few investigations. The purification pro-
cedure of CsPbBr3 NCs is as important as the synthesis
procedure itself, and should not be neglected.+> Polar sol-
vents, known to remove stabilizing ligands, were used in
the purification of CsPbBr; NCs in Ref. ¥, which may re-
sult in a high NC agglomeration, and the ambient phase is
reported to be a mixture of cubic and orthorhombic phas-
es. Their work shows the formation of 2D nanoplatelets
under pressure, which again may be facilitated by sinter-
ing in one dimension and the ligands being squeezed out
in other dimensions. No polar solvents were introduced
in the purification step of CsPbBr3 NCs in this work, re-
sulting in densely passivated surfaces which hinder ag-
glomeration processes, and the NCs are in the ortho-
rhombic phase at ambient pressure.

The XRD pattern of the CsPbBr; NCs at 1.7 GPa has
been carefully analyzed to resolve the high pressure
phase. By inspecting group-subgroup relations of the aris-
totype Pm3m cubic symmetry to account for probable
structures, which is derived by tilting of the Pb-Brs octa-
hedra, 15 such possibilities are found.# Interestingly, the
presence of fewer number of peaks in the XRD pattern at
1.7 GPa compared to lower pressures suggests that the
plausible lattice is cubic with either Im3 [Glazer tilt nota-
tion: a*a*a*] or Pm3m symmetry [Glazer tilt notation:
a°a®a®]. Furthermore, based on the group-subgroup rela-
tionship, we rule out the possibility of a hexagonal
P6;/mmc symmetry as well, which has been proposed in a
recent theoretical prediction.” The Le Bail fitting of the
lattice parameters generated from the XRD pattern at 1.7
GPa with Im3 space group produces additional reflections
due to doubling of the prototype cubic unit cell, which

are not experimentally observed. The Rietveld refinement
shows that the Pm3m space group matches well with the
XRD pattern. This space group may be further inferred
from recent high pressure Raman scattering investiga-
tions of CsPbBr; NCs by Zhang et al, where the Raman
mode due to the Pb-Brg vibration disappears at 1.4 GPa.?”
When CsPbBr; NCs stabilize in the cubic Pm3m sym-
metry, all the six bromine atoms are equidistant from the
central Pb atom. The vibrational frequency originating
from the Pb-Brs octahedron, thus, becomes Raman inac-
tive as the first-order Raman scattering associated with an
inversion symmetry vanishes due to the selection rules.
We, therefore, assign the high pressure phase of CsPbBr;
to the Pm3m space group and the refined lattice parame-
ter derived from the XRD pattern at 1.7 GPa is 5.63(8) A
(Figure S4). Even though a similar transition was ob-
served in prior reports, the authors claimed the transition
to be isostructural rather than a structural phase transi-
tion. 7 ® The high pressure XRD measurements con-
ducted here were carried out from diamond anvil cells
with neon as the pressure transmitting medium; hence,
there should be no influence of the medium on the perov-
skite sample. Surprisingly, both the high temperature (at
~130 °C) and the high pressure (at ~1.7 GPa) phases in
CsPbBr; NCs are identical; such a phenomenon is rare in
crystallography. Similar observations have been noticed
in the non-cubic phase of Au micro crystallites.

We plot the pressure dependent volume (volume per
formula unit) in Figure sd. The pressure dependent cell
parameters are provided in the Supporting Information
(Figure Ss). As expected, there is an overall decrease in
the volume with pressure. However, there are four anom-
alies observed at o.5 GPa, 1.7 GPa, 3.5 GPa and 5.7 GPa.
The change at 0.5 GPa can be correlated to the subtle
band gap energy change observed in the PL spectra,
where the pressure coefficient is seen to change in the
0.3-0.5 GPa range (Figure 3c). This change arises due to
changes in bond lengths and bond angles of the ortho-
rhombic lattice with pressure induced octahedral tilt (see
Supporting Information). The slope changes observed at
3.5 GPa and 5.7 GPa may be correlated to isostructural
transition as there is no symmetry change seen from high
pressure XRD above 1.7 GPa. It is worth pointing out that
high pressure in-situ AC impedance spectroscopy meas-
urements from CsPbBr; single crystals show a mixed ion-
ic-electronic-type conduction under ambient condition to
a purely electronic conduction above 2.3 GPa with a
strong photoresponse at 1.4 GPa.#5 It is conceivable that
the enhancement in photoresponse has its origin in the
structural phase transition that we observe at 1.7 GPa in
CsPbBr; NCs. The pressure induced phase transition from
the orthorhombic to the cubic phase is reversible with an
approximate change in volume by 3.9 %. A systematic
decrease in the band gap of the high pressure Pm3m
phase, as observed from PL and theory, along with the
stability of this phase, as observed from XRD, signal a
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Figure 5. Synchrotron based XRD from CsPbBr; NCs. (a) and (b) 2D XRD images of CsPbBr; NCs at 0.94 GPa and 1.7 GPa, re-
spectively. (c) High pressure synchrotron XRD pattern of CsPbBr3 NCs. (d) Pressure dependence of volume/Z up to 16 GPa with
error bars, where Z, the formula unit, is 4 for the orthorhombic phase and 1 for the cubic phase. The pressure versus volume/Z
up to 3.4 GPa is shown as an inset for clarity. The slanted arrows represent the volume anomalies and the red line is a guide to
the eye. (e), (f) and (g) Crystal structure of CsPbBr; at 0.1 MPa, 0.55 GPa and 1.7 GPa respectively. The Cs*, Pb>* and Br- ions are
represented by green, black and brown colors respectively. The distance between adjacent Cs atoms along b direction is depicted

by double-sided green arrows.

probable pressure induced metallization of this high pres-
sure phase.

The next question we ask is whether the distinct high
pressure PL behavior of RP-CsPbBry; NCs can be correlat-
ed to its structural changes. Additionally, how does the
high pressure structure of RP-CsPbBr; NCs compare with
that of CsPbBry; NCs? We anticipate that the presence of
RP faults not only provides a route towards enhanced
emission under pressure (Figure 3d) but they clarify the
nature of pressure induced phase transitions in lead hal-
ide perovskites, which thus far has not been solved. The
nature of the RP planar faults in RP-CsPbBr; NCs was ear-
lier studied using scanning transmission electron micros-
copy and DFT calculations. These faults comprise rock-
salt stacking of two CsBr layers.

Figure 6 presents XRD studies of RP-CsPbBr; NCs. The
indexing and Bragg reflections of RP-CsPbBry are shown
in Supporting Information (Figure S6). Figure 6¢ shows
the XRD pattern of RP-CSPbBr; for selected pressures.
The origin of the broad shoulder below the (121) peak may

be attributed to two possibilities. The post-synthesis
growth of RP-CsPbBr; results in a by-product compound,
C2Hs5-Zn-OO0R’ (where R’=C17H33);>* the broad feature
could arise from the alkyl chains. Another possibility is
due to a sublattice formation by the RP phase as a result
of the stacking fault. Such features have been observed in
oxide perovskites. A detailed explanation is provided in
Supporting Information.

At ambient pressure, the XRD pattern from RP-
CsPbBr; NCs is highly spotty, which may be ascribed to
the single crystal nature of NCs. It becomes more powder
like after a small compression due to pressure-induced
crystallization, which is associated with an increase in
volume of the unit cell till 0.2 GPa (Figure 6d). The calcu-
lated lattice parameters of the ambient XRD pattern with
orthorhombic Pnma phase using Le Bail fitting are found
to be: a= 8.25(4) A, b =11.76(3) A and ¢ = 8.21(u1) A.

It is evident from the inset of Figure 6d that the shoulder
peak (002)o (where O denotes the orthorhombic phase)
around 1.53 A becomes weak at 0.36 GPa. The
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arrow.

emergence of a well resolved peak at 1.565 A+ with a dis-
tinct shoulder are observed at 0.74 GPa, as indicated by
the red arrows. The shoulder peak becomes prominent at
1.1 GPa. A systematic data processing with careful masking
of XRD images confirms the shoulder at 0.74 GPa to be
from the sample. This suggests that the (002)o peak of the
orthorhombic lattice at 0.36 GPa either vanishes or merg-
es with the peak around 1.565 A" at 0.74 GPa. Detailed
XRD analysis of RP-CsPbBr3 is provided in Supporting
Information, which further confirms a symmetry lowering
structural transition at 0.74 GPa. The phase transition,
thus, observed is associated with defect formation, which
is understood by the appearance of multiple spots on the
XRD image at 0.74 GPa (Figure 6b).

The high pressure XRD pattern of RP-CsPbBr; NCs is
associated with vanishing and broadening of peaks above
1.6 GPa due to a loss of long range order; the sample thus
transforms to an amorphous-like phase, which is in
agreement with the changes in PL (Figure 3) where the PL
peak disappears above 1.6 GPa. Above 1.1 GPa, the data
analysis becomes difficult since a large number of spots

appear in the XRD image, which is most likely due to
pressure-induced crystallization owing to the formation
of additional defects during the structural phase transi-
tion. However, the high pressure phase at 0.74 GPa could
be analyzed. The group sub-group relation of aristotype
Pm3m cubic symmetry indicates that P2,/m is the most
probable symmetry for this high pressure phase [Glazer
tilt notation: a*b'c’]. The expected lattice parameters and
the angle (B) for the P2,/m symmetry are: a = V2a,, b
=~2a,, ¢ =V2a, and B # 90°, where q, is the lattice parame-
ter of aristotype Pm3m cubic structure.® 43 Based on this,
we find a suitable lattice for the monoclinic phase with
lattice parameters: a = 8.595(8) A, b = 11.470(6) A, ¢ =
7.265(7) and B = 95.95(10)° by indexing with the Expo
2014 software.*® The Le Bail fitting of the high pressure
monoclinic phase is shown in Supporting Information
(Figure S7), where the changes in the lattice parameters
and volume clearly show that the orthorhombic phase is
inconsistent with the XRD pattern at 0.74 GPa. The
Wyckoff positions of the high pressure monoclinic phase,
however, could not be obtained. Since the volume of the
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monoclinic phase is very close to that of the orthorhom-
bic phase, we assume the formula unit: Z=4 for the mono-
clinic phase.

The results obtained from high pressure XRD of RP-
CsPbBr; NCs match well with the changes in the PL spec-
tra (Figure 3f). For instance, a dramatic PL intensity drop
from the ambient to ~0.2 GPa can be correlated to the
pressure induced crystallization changes till 0.2 GPa in
XRD. Similarly, the band gap changes at ~0.8 GPa in the
PL spectra can be interpreted as a consequence of the
structural phase transition. Further, the increase in PL
intensity at ~1 GPa closely follows the pressure-induced
monoclinic structural transition. This phase transition is
found to be reversible (Figure Sg) and accompanied by
nearly 10% volume change. The reversibility in the XRD
data further suggests that it is unlikely RP-CsPbBr; NCs
form nanosheets under pressure. II-VI nanosheet semi-
conducting NCs, for example, show irreversible phase
transformation under pressure.#’ In contrast to CsPbBr;
NCs which undergo a cubic phase transition at high pres-
sure, RP-CsPbBr; undergoes a phase transition to the
monoclinic phase beyond 0.7 GPa and by 2 GPa the long
range order almost disappears.

CONCLUSIONS

In conclusion, pressure dependent synchrotron XRD
investigations from CsPbBr; NCs exhibit both isostructur-
al and structural phase transitions. We resolve the struc-
tural transitions under pressure for NCs with and without
RP faults. The CsPbBr; NCs exhibit isostructural transi-
tions at 0.3 GPa and 0.9 GPa followed by an orthorhombic
to cubic Pm3m phase transition at 1.7 GPa. The RP-
CsPbBr; NCs (with the presence of RP faults) exhibit an
orthorhombic to monoclinic P2,/m phase transition at
0.74 GPa, concomitant with a dramatic increase in the PL
intensity compared to ambient pressure. The narrowing
of the band gap with pressure observed in the theoretical
calculations is consistent with the experimental pressure
dependent PL energies. The RP-CsPbBr; sample shows
nuances of a blue shift of the PL energy beyond 1 GPa.
This study suggests that high pressure could serve as a
tuning parameter for directing the synthesis of lead halide
perovskite NCs and for engineering RP faults to improve
the overall optical properties for optoelectronic applica-
tions.
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