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ABSTRACT: In this paper, we address the phase stability and
the relationship between optical gap and structural perturba-
tions in cesium lead halide nanocrystals. We report photo-
luminescence (PL) spectra for cesium lead iodide (CsPbl,)
perovskite nanocrystals under hydrostatic pressures up to 2.5
GPa. The peak position of the CsPbl; PL shifts as a function of
pressure. Initially, the PL shifts to lower energies, until a
reversal occurs near 0.33 GPa. At higher pressures, the PL peak
position shifts to the blue until PL vanishes above 2.5 GPa. We
explain the pressure response with different modes of
deformation of the perovskite crystal structure.

B INTRODUCTION

Inorganic cesium lead halide perovskite nanocrystals (NCs),
CsPbX; (X = Cl, Br, and I), have attracted much attention in
recent years, following the pioneering synthetic work by
Protesescu et al." Many groups have reported on different NC
synthetic procedures, physical properties, and applications of
the resulting NCs.>™'% Their composition-tunable, sharp
absorption edges, and narrow photoluminescence (PL) spectra
make them excellent candidates for next-generation light-
emitting diode and photovoltaic (PV) applications.””"'~"* Out
of the family of CsPbX; materials, CsPbl; NCs, with their band
gap at around 1.8 eV, show particular promise for applications
in PV devices. For example, Swarnkar et al. have shown that a
solar cell using a CsPbl; NC film as the absorbing material can
reach power conversion efficiencies of nearly 11%.

Cesium lead halide perovskites belong to the family of ABX;
perovskites, where A is a monovalent cation, B is a divalent
metal cation, and X is a halide or oxygen ion. The ABX;
perovskite crystal structure is composed of a network of corner-
sharing BX, octahedra, with the A cations occupying the
cavities between the octahedra (Figure 1a). The bulk moduli of
CsPbX; halides, which are a measure of the structural response
of a material to pressure, have not been determined
experimentally so far, with the exception of the nonperovskite
-phase of CsPbl;, which has a bulk modulus of 14 GPa."> The
related organic/inorganic hybrid perovskite (CH;NH;)PbBr,
has a bulk modulus of ca. 16 GPa,"*"” placing it between soft
molecular crystals, such as tetracene (ca. 9 GPa'®), and harder
semiconductor crystals, such as CdSe (ca. 53 GPa'"). Given the
relatively soft nature of metal halide perovskites, it is of interest
to explore how perturbations to the crystal structure affect the
optical gap of these materials. High pressure is a convenient
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Figure 1. (a) Schematic of the y-phase perovskite crystal structure.
(b) MOs generating the VBM. (c) MOs generating the CBM (d)
tilting of the octahedra increases the dihedral angle @ which
destabilizes the CBM,>® causing a blue shift in the PL spectra (see
text).

way to modify the structure of a condensed-phase sample by
tuning interatomic distances, facilitating exploration of
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thermodynamics and structure, without increasing the thermal
energy content or changing the chemical composition of the
material. For lead halide perovskites, high-pressure techniques
have been applied to bulk and NC samples of CsPbBry”"~**
and (CH,NH,)PbX, (X = Cl, Br, and I)>>*" as well as to bulk
samples of CsPbCly,”' CH(NH,),Pbl;** and the non-
perovskite, yellow phase of CsPbl;."” In the present work, we
report a study of the pressure response of PL for CsPbl; NCs.
We interpret our results with the aid of molecular orbital (MO)
reasoning and using the similarity of the high-pressure response
of CsPbl; with previously reported results on the pressure
response of CsPbBry; NCs and bulk samples.”**

B METHODS

NC Synthesis, Sample Preparation, and Character-
ization. The NC synthesis was adapted form Wang et al.'’ and
contains the following steps: a Pbl, solution was prepared by
adding 0.18 mmol Pbl, (Aldrich, 99%), 5.0 mL of 1-octadecene
(ODE) (Aldrich, technical grade, 90%), 0.5 mL of
diisooctylphosphinic acid (DA) (Aldrich, technical grade,
~90%), and 0.5 mL of purified oleylamine (OA)*® to a
round-bottom flask. Water was removed using vacuum at 120
°C for 1 h with vigorous stirring.

In a second round-bottom flask, we added 0.30 mmol
Cs,CO; (Aldrich, ReagentPlus, 99%), 5.0 mL of ODE, 0.5 mL
of DA, and 0.5 mL of purified OA. This mixture was maintained
at 120 °C under vacuum with vigorous stirring until all Cs,CO,
had dissolved and was then brought to 100 °C under dry
nitrogen.

The Pbl, solution was then brought to 140 °C under dry
nitrogen. Next, 0.4 mL of the Cs,CO; solution was injected
into the Pbl, solution with vigorous stirring and then
immediately (within S s) transferred to a water bath. The
resulting solution was washed by adding excess tert-butanol to
precipitate NCs from the reaction mixture. This mixture was
centrifuged at 6600 g, and the pellet was resuspended in
anhydrous hexanes (Aldrich, > 99%) and stored at —21 °C.
The samples obtained this way have a deep red/brown color
and luminesce strongly in the red, in contrast to the
nonemissive yellow phase, which we do not observe in our
samples (see also Results and Discussion section).

To prepare the sample for high-pressure experiments, the
NCs were dispersed in paraffin, which is hydrostatic over the
pressure range studied in the present work, that is, up to ca. 3.0
GPa.”” This was accomplished by adding equal amounts of
paraffin oil to the hexane NC solution and then stirring under
vacuum to remove the hexanes. The resulting solutions of NCs
in paraffin were saturated.

The NCs have narrow PL spectra with full width at half-
maximum of 30 nm and sharp band edge absorption (Figure
2a). The absorption spectra were acquired with a Cary S00
UV/vis spectrophotometer (resolution 2 nm, 10 mm path
length). Although we were able to record UV/vis absorption
spectra of the NC samples at ambient pressure, we had to use
low concentrations because of the limited solubility of the NCs
in paraffin. Combined with the very short optical path length in
the diamond anvil cell (DAC) (70 pgm) and in the hydraulic
pressure setup (SO um) as described below, these concen-
trations were too low to allow acquisition of absorption spectra
under pressure. We note that CsPbBr; NCs exhibit much
higher solubility and have indeed been studied by UV/vis
absorption spectroscopy under pressure.”’
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Figure 2. (a) Visible absorption (solid) and PL (dashed) spectra of
CsPbl; NCs in hexanes. (b) Particle size distribution for CsPbl; NCs.
(c) Example TEM image for size distribution. The scale bar is 100 nm.

Transmission electron microscopy (TEM) for size distribu-
tion analysis was performed using FEI Tecnai T12 Spirit at 120
keV. The samples contained highly monodisperse (9.8 + 2.0
nm) CsPbl; NCs (Figure 2b), which were used in the high-
pressure experiments reported here. High-resolution TEM
(HRTEM) images were taken using FEI Tecnai F20 at 200 keV
and analyzed using Image] software.

Powder XRD patterns were taken on a Rigaku D/Max
diffractometer using a Cu Ka radiation source (4 = 0.1540562
nm). The patterns were recorded from 10° to 40° and acquired
at a speed of 0.4°/min (Figure 3a).

High-Pressure Experiments. Two different setups were
used for high pressure generation. The first setup is a gas
membrane-driven DAC (easyLab Diacell yScopeDAC-RT(G),
type Ia 16-sided diamond anvils, base diameter 2.5 mm, culet
0.50 mm, NA = 0.54). Blank high-pressure gaskets (type 302
stainless steel, initial thickness 250 um) were preindented to a
final thickness of 90—100 pm, and the sample compartment
was formed by laser-drilling a hole with ca. 120 ym diameter in
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Figure 3. (a) XRD pattern of CsPbl; NCs. The light gray points are
raw data; the solid blue line is a seven-point sliding average. The
labeled peaks indicate that the NCs are in the perovskite orthorhombic
phase as described in the most recent literature.>***** (b) Sample
HRTEM image of a CsPbl; NC and its Fourier transform, together
with markers of the (020) and (220) planes.

the center of each preindented gasket. A small ruby grain was
added to the cell along with a droplet of the sample, and the
ruby R, fluorescence peak was used to determine the pressure,
fitting the R, and R, lines with Lorentzian profiles.*® This
method gives an error in our pressure measurements of 70
MPa.**

The CsPbl; samples were excited with a 532 nm continuous
wave laser with intensities close to 100 W/cm? The PL spectra
did not change even under prolonged exposure and were the
same as the spectra taken under much lower intensity, and we,
therefore, judge that the irradiation caused no significant
heating or photoinduced modification of the samples. All DAC
spectra were recorded using a HORIBA Scientific XploRA
confocal Raman microscope. The ruby fluorescence was
measured using an 1800 lines/mm grating (0.1 nm resolution),
whereas the NC PL spectra were acquired with a 600 lines/mm
grating (0.3 nm resolution). The slit width of the
monochromator was 50 um for all spectra. PL peaks were
determined by fitting a Lorentzian to the observed spectra. The
error of the PL peak energy associated with this procedure is
based on the statistical uncertainty of the fit and amounts to +1
meV.

The second apparatus is a hydraulic Jpressure setup, modified
from a design by Tekmen et al,”” with all components
purchased from High Pressure Equipment Company (HIP,
Erie, Pennsylvania). A hydraulic pressure generator (HIP, 25-
5.75-100) capable of producing pressures as high as 700 MPa
pressurized a set of stainless steel tubes filled with ethanol as

the pressure-transmitting fluid. The pressure was determined
using a mechanical high pressure gauge (HIP, 6PG100).
Perovskite NC samples were drawn into a quartz capillary with
an outer diameter of 375 ym and inner diameter of 50 pm
(Molex, TSU050375). A small amount of clean paraffin was
then drawn into one end of the capillary to act as a barrier
between the sample and ethanol in the high-pressure generating
setup. The other end of the capillary was then fused using an
oxygen/propane torch. The unfused end of the capillary was
glued (Armstrong A-12 Epoxy) into a modified pressure plug
(HIP, 100-7XM4), into which a 400 pm hole had been drilled.
The pressure plug was then coupled to the rest of the apparatus
such that the unfused end of the capillary was in contact with
ethanol in the pressure generating apparatus. In this setup, all
samples were excited using a 532 nm laser with the confocal
microscope.

CAUTION: In the hydraulic setup briefly described above,
pressurization of glass or quartz capillaries may result in their
destruction. If any gas bubbles are present in the apparatus, this
can result in explosive release of pressure, which represents a
hazard to people and equipment. Personal protective equip-
ment must be worn at all times, and engineering solutions to
prevent injury are strongly encouraged.

B RESULTS AND DISCUSSION

Crystal Structure at Ambient Conditions. The exact
perovskite polymorph that CsPbX; NCs adopt has been a point
of debate in the literature for some time, as X-ray diffraction
(XRD) and HRTEM data have been interpreted as evidence for
cubic as well as orthorhombic perovskite crystal struc-
tures.””*? Therefore, the crystallographic analysis of the
samples used in the present work merits further discussion.

Bulk CsPbl; is not stable in the perovskite crystal structure
under ambient conditions, and multiple polymorphs exist at
ambient pressure at different temperatures.” The room-
temperature phase has a nonperovskite crystal structure (yellow
phase or &-phase). Above room temperature, there are three
distinct perovskite crystal structures, denoted a-, f-, and y-
CsPbl; with cubic, tetragonal, and orthorhombic crystal
symmetries, respectively.”> The y-CsPbl; phase is a direct
band gap semiconductor with a band gap around 1.8 eV.”*'

In contrast to bulk, CsPbl; NCs are metastable as perovskite
structures under ambient conditions. The assignment of crystal
structure is complicated because nanocrystalline twins can exist
in a single NC, which can lead to destructive interference of the
diffraction signatures characteristic for the orthorhombic
lattice.>® As a result, several accounts in the literature describe
their samples as cubic, whereas others clearly identify CsPbl;
NCs as orthorhombic."””** This controversy has permeated
the literature, and even recent reports claim that their CsPbl,
NCs are cubic. However, recent work by Bertolotti et al. has
shown that CsPbl; NCs are in fact in the orthorhombic Pnma
perovskite crystal structure under ambient conditions (y-
phase)®® and have been shown to retain this structure for
long periods of time in NC and nanowire samples.”>'%**~*

Powder XRD data indicate that our NC samples are in the
orthorhombic ]/—Ehase (Figure 3a) in agreement with the most
recent literature.”' *>** We extract unit cell dimensions of a =
86A,b=90A, and ¢ = 13.1 A (error bars + 0.1 A) from the
XRD data, which are in good agreement with the reported
values by Bertolotti et al.”> Using the Scherrer method to
further analyze our XRD data, we found that the crystallite size
was 10 + 2 nm. This value is in agreement with the NC size
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distribution we obtained from TEM image analysis, indicating
that the NCs are single crystalline. The lattice spacings in the
HRTEM images of CsPbl; NCs are consistent with the
orthorhombic y-phase assignment (Figure 3b). It is important
to note that the orthorhombic y-phase is not to be confused
with the yellow d-phase, which is also orthorhombic but does
not have the perovskite structure and is not photoluminescent.

Pressure-Dependent PL. We measured the pressure-
dependent shifts of the PL peak of our samples using
hydrostatic pressures up to 3.0 GPa. We observed that the
pressure response of the PL of CsPbl; NCs shows clear
qualitative changes in behavior between different pressure
regions. Figure 4 shows the PL spectra of CsPbl; NCs from a
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Figure 4. PL spectra of CsPbl; NCs at different pressures (right). All
spectra are scaled to the same intensity. The ruby fluorescence peaks
around 694 nm were deleted from the spectra for clarity (break in the
spectra). The bottom and top traces show the PL spectra at ambient
pressure before and after the pressure run.

typical DAC pressure run. At low pressures, the PL emission
peak shifts slightly toward longer wavelengths, whereas it shifts
to the blue at higher pressures. At ca. 2.3 GPa, the emission
becomes very weak and finally disappears. Upon returning to
ambient pressure, the PL emission returns in full, and the peak
is observed at the same position as before pressurization.
Figure 5a shows the pressure response of CsPbl; NCs under
hydrostatic pressure below 0.7 GPa, using the peak PL energy
as a reference for the band gap Eg. Upon initial compression,
the energy of the PL maximum shifts to lower energies nearly
linearly. We can approximately describe this behavior by

Eg=E;+ ap (1)

where E, is the ambient optical gap, and the pressure
coeflicient, @, describes the slope dE;/dp. At low pressures,
we find a pressure coefficient @ = —14.0 + 0.6 meV/GPa. This
result is qualitatively similar to the behavior of CsPbBr;, but the
slope for CsPbBr; is much steeper, with o between —35 meV/
GPa for bulk samples and —50 meV/GPa for NC samples at
similar pressures.””>’ Further increase of pressure eventually
leads to a change in the sign of a, resulting in a blue shift of the
PL peak energy, beginning at ca 0.33 GPa and continuing up to
2.5 GPa (Figure S). The change in the sign of the pressure

coefficient @ is not accompanied by an observable drop in the
PL intensity.

To explain this behavior, we consider the three different ways
in which the perovskite crystal structure can respond to
application of pressure: by compression of the MX4 octahedra,
by tilting of the octahedra, or by a phase transition into a
different crystal structure.”"** In the following, we will discuss
how the first two different modes of deformation can be
expected to affect the optical gap.

The band gap of bulk metal halide perovskites is at the I'-
point for orthorhombic structures.”” The valence band
maximum (VBM) in CsPbl; perovskites arises from the
antibonding interaction of Pb 6s and I Sp electronic orbitals
(Figure 1b),'**"** whereas the density of states at the
conduction band minimum (CBM) is based primarily on the
I 5p orbitals and Pb 6p orbitals (Figure 1c).'**>*"** Although
the small dimensions of the NCs do not allow the rigorous use
of the bulk nomenclature for the symmetry points of the
Brillouin zone, we expect that the overall character of the
corresponding MO picture will be qualitatively similar.

Because the VBM at the I'-point is dominated by
antibonding interactions between the I Sp and Pb 6s orbitals,
compression of the octahedra will result in destabilization of the
VBM, pushing it to higher energies (see Figure 1b). The CBM
is largely unaffected by octahedron compression because the
net overlap of the I Sp and Pb 6p orbitals at the I'-point gives
the CBM a net nonbonding character (Figure 1c), and small
changes in the Pb—I distance will not result in pronounced
changes of the CBM energy. Therefore, the mode of
deformation characterized by octahedron compression will
result in the narrowing of the band gap and a concomitant red
shift of the PL peak through the destabilization of the VBM, as
observed in other perovskite materials.”>***

Tilting of the octahedra (see Figure 1d) as a second mode of
deformation will have the opposite effect. As shown by
calculations by Amat et al,”® deviation of the Pb—I—Pb angle
from 180° changes the mixing of Pb 6p and I 5p orbitals in the
CBM and diminishes the contributions of Pb orbitals to the
CBM. As a result, the impact of spin—orbit coupling on the
CBM energy is lessened, and the CBM is destabilized. The net
effect of tilting is a band gap increase and concomitant blue
shift of the PL, consistent with the band gap change induced by
varying the A cation and the accompanying change in the tilt
angle 0 between adjacent octahedra (see Figure 1d).*03s

The overall behavior is very similar to that of CsPbBr; NCs,
where these two modes of deformation were confirmed using in
situ high-pressure powder XRD.” The above discussion
explains the high-pressure behavior for both CsPbBr; and
CsPbl; NCs. On the basis of the strong similarity between
these two systems, we therefore interpret the observed red shift
of the PL at low pressures as due to the compression of the
Pb—I bonds. In analogy to CsPbBr;,”* we assign the change in
the pressure response of the PL to a change in the mode of
deformation from octahedron compression to octahedron
tilting.

Different from the analogous case of CsPbBr; NCs, the
change in the sign of & occurs near 0.33 GPa for CsPbl;, much
lower than the transition pressure for CsPbBrs;, which is close
to 1.2 GPa.””** The earlier change in the mode of deformation
can be qualitatively explained with the difference in the ionic
radii of Br™ and I". Because of the greater size of the iodide
ions, the pressure at which octahedron compression bears a
larger energy penalty than octahedron tilting, with the
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Figure S. Pressure dependence of PL for CsPbl; NCs. The band gap energy change is plotted as the deviation of the PL peak at a given pressure
from the ambient peak position. (a) Pressure range below 0.7 GPa. Data points from the hydraulic pressure generator (open squares) and data taken
using the DAC (open circles) from several runs from each setup are shown. The gray lines indicate linear fits of the data in the two regions shown in
this panel. The point at which they cross indicates the pressure where the mode of deformation changes (see text). (b) Overview of the entire
pressure range up to 2.5 GPa, after which PL was no longer detected. Data from both the hydraulic pressure generator and the DAC are plotted
together, and the data were obtained from several pressure runs. Error bars for the PL peak energy change are 1 meV.

concomitant change in the mode of deformation, can be
expected to be lower than that for bromide.

A second change in the pressure response of our samples
occurs around 2.5 GPa, where the sample ceases to emit upon
irradiation by 532 nm. This change is reversible upon release of
pressure in the DAC and is likely to be the signature of a solid—
solid phase transition, although the nature of the resulting high-
pressure phase is not clear at present. It is possible that this
phase is the insulating nonperovskite 5-CsPbl; with an optical
gap near 3.0 eV. This would explain the loss in PL under 532
nm irradiation as well as the reversibility becauseit has been
shown in bulk CsPbl; that the J-phase can be cycled back and
forth with photoemitting perovskite phases by raising and
lowering the temperature above and below 315 °C
repeatedly.”’ Interestingly, the behavior observed for CsPbl,
NCs is similar to that of bulk (CH;NH,)Pbl,, which exhibits a
phase transition at 0.26 GPa from tetragonal to orthorhombic
and a second phase transition from orthorhombic to
amorphous at 3 GPa.”® The amorphous phase was much less
emissive than the sample at ambient pressure (by a factor of
107).”® Given this similarity, the dark phase in CsPbl; NCs
could be amorphous. Alternatively, computational work on
CsPbBr; predicts a phase transition at higher pressures
associated with a change to an indirect band gap.” In light
of these multiple possibilities, we refrain from a definitive
assignment of the dark phase at present.

B CONCLUSIONS

In summary, we have studied the pressure response of the PL
peak position of CsPbl; NCs. The response to low hydrostatic
pressure is characterized by the narrowing of the optical gap
due to destabilization of the VBM. Near 0.33 GPa, the trend
undergoes a transition because of a change in the mode of
deformation that reverses of the sign of dEg/dp. All pressure-
induced changes in CsPbl; NCs are fully reversible in the
pressure range up to 3.0 GPa. Together with the structural
analysis of CsPbl; NCs at ambient pressure, we can draw the
following conclusions from the pressure response of the PL:

11028

1. There is a close similarity between the structure and
behavior of CsPbBr; and of CsPbl; NCs. Both are
orthorhombic at ambient conditions, and both show
qualitatively the same response to hydrostatic pressure.
We therefore attribute the behavior of CsPbl; to the
same mechanisms as found for CsPbBr; NCs;”’

2. At pressures below ca. 330 MPa, the behavior of the PL
as a function of pressure is consistent with the
compression of the Pblg octahedra as the active mode
of deformation. Above this pressure, the PL behavior can
be explained with an increased tilting of the octahedra;

3. The differences in the behavior between CsPbBr; and
CsPbl; are based on the differences in the ionic radii of
bromide and iodide. The larger radius of iodide causes
the change in the dominant mode of deformation at
much lower pressures for CsPbl; than that for CsPbBrs;
and

4. Around 2.5 GPa, CsPbl; NCs undergo a solid—solid
phase transition to a nonemissive phase.

Future experiments on the pressure response of the optical
properties of CsPbCl; NCs will be interesting, particularly
because their structure has been identified as cubic, in contrast
to the other two cesium lead halide perovskites.
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