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ABSTRACT: CsPbBr; has received wide attention due to its superior emission yield and better
thermal stability compared to other organic—inorganic lead halide perovskites. In this study,
through an interplay of theory and experiments, we investigate the molecular origin of the
asymmetric low-temperature photoluminescence spectra of CsPbBr;. We conclude that the origin
of this phenomenon lies in a local dipole moment (and the induced Stark effect) due to the
preferential localization of Cs” in either of two off-center positions of the empty space between the

300 K

surrounding PbBrg octahedra. With increasing temperature, Cs" ions are gradually occupying
positions closer and closer to the center of the cavities. The gradual loss of ordering in the Cs*
position with increasing temperature is the driving force for the formation of tetragonal-like arrangements within the orthorhombic

lattice.

Hybrid organic—inorganic lead halide perovskites have
received much attention due to their broad spectrum of
applications as promising materials for solar cells,' ™ light-
emittin% diodes (LEDs),” lasers,”® resistive-switching mem.-
ories,”'” X-ray image detectors,'”'> and piezoelectric energy
generators."> Among the different halide perovskite com-
pounds, CsPbBr; is particularly promising due to its superior
emission yield and better thermal stability compared to other
organic—inorganic lead halide perovskites."*'® Currently, a
variety of LED devices and optically gumged lasing systems
based on CsPbBr; have been realized.”'”'® However, despite
the rapid progress in material synthesis and device fabrication,
the understanding of the fundamental properties of CsPbBr; is
still evolving.'®'”*° For a full realization of its potential for
several technological applications, it is important to gain
further insight into the interplay of the photophysical processes
and the structural characteristics of CsPbBr;.

Indeed, many of the properties of CsPbBr; have been known
for over 60 years.”' It is well-known that CsPbBr; undergoes
two phase transitions, one at 361 K from an orthorhombic to a
tetragonal phase and a second one at 403 K from the
tetragonal to a cubic phase.”” In addition to this, absorption
spectroscopy suggests that the compound is a direct semi-
conductor with a band gap that lies within the range of 2.25—
2.36 eV, as reported by different groups.'®** The exploration
of the emission characteristics, across a wide temperature
range, can provide important information regarding the
performance of solar cells and LED devices under realistic
conditions. Previous studies have reported that temperature-
dependent photoluminescence (PL) measurements for
MAPDI; and MAPDbBr; exhibit a double emission peak at
low temperatures.”*™*° The two PL peaks are associated with
MA-ordered and MA-disordered orthorhombic domains with
different emission characteristics due to the presence/absence
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of a Stark effect induced by the dipolar field of the organic
cations.”* However, for CsPbBr;, the monovalent cation does
not possess a permanent dipole moment, and there seems to
exist a disagreement between experimental results concerning
the presence and, respectively, absence of a double emission
peak.'”>”~* Stoumpos et al.'® reported that, in PL measure-
ments at 46 K, two emission peaks are observed at 2.29 and
2.31 eV. Similarly, Lee et al.” observed an asymmetry of the
PL spectra of CsPbBr; quantum dots for temperatures lower
than 250 K, which was attributed to a side-peak emission that
is located at a lower energy than the band-edge peak. On the
one hand, the authors rationalized this anomalous splitting of
the emission peak at temperatures less than 250 K with a phase
transition of the crystal structure. On the other hand, Han et
al.”” performed temperature-dependent PL measurements for
CsPbBr; nanocrystals in the temperature range of 80—270 K
and observed a spectral band that is approximately symmetric
with no obvious double emission peak.

Here, we approach this issue from a combined theoretical
and experimental perspective. With the help of first-principles
molecular dynamics (MD) simulations and temperature-
dependent PL experiments, we investigate the PL spectra of
CsPbBry at low temperatures. Our first-principles MD
simulations show that, at low temperature, the Cs™ cations
occupy asymmetric positions that are gradually shifted to the
center of the cavities with increasing temperature, in agreement
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Figure 1. Temperature-dependent band gap and emission characteristics of CsPbBr. (A) Thermal evolution of the average Kohn—Sham band gap
of CsPbBr; from ab initio MD simulations. The light blue shaded area corresponds to the standard deviation. (B) Temperature-dependent PL
spectra of CsPbBr;. The transition from purple to brown color corresponds to an increase of temperature from 15 to 300 K. (C) The shift of the
maximum of the PL bands as a function of temperature. The red circle indicates the region where the change of slope occurs.

Figure 2. Local structures from ab initio MD simulations. At the left-hand side, snapshots of the simulation box are shown, where specific areas are
selected and projected, by orienting the a-, b-, and c-axes differently, (shown on the right-hand side). Cs* (green balls), Br~ (orange balls), Pb**
(silver balls). (A) Local structure of the S0 K trajectory. The position of Cs* in the empty space between the octahedra has a characteristic pattern,
where each Cs* that belongs to a specific layer (light green layers shown at the right-hand side of the figure) is shifted toward the opposite direction
of the Cs* that belongs to the next neighboring (light green) layer, creating two distinct layers (light blue) of Cs*. (B) Local structure of the 300 K
trajectory. Cs* are occupying positions that are more and more near to the center of the cavities.
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Figure 3. Analysis of molecular dynamics trajectories. (A) Thermal evolution of the Pb—Br—Pb angle distribution. The data were fitted by
employing Gaussian functions. (B) Fraction of pseudotetragonal domains in the orthorhombic structure of CsPbBr; as a function of temperature.
(C) Thermal evolution of the nearest Cs—Pb distance distribution. The data were fitted to Gaussian functions.

with the gradual loss of asymmetry observed in the
experimental PL spectra as a function of temperature. Our
investigation thus provides new insights into the interplay
between the photophysical processes and the structural
characteristics of CsPbBr; at temperatures below the first
phase transition (<361 K).**

We performed ab initio MD simulations within the Car—
Parrinello MD scheme,” employing the NVT ensemble for a
range of different temperatures (50, 100, 120, 150, 200, and
300 K) using a real-space super cell of 240 atoms. The band
gap of this real-space cell at 0 K is 2.07 eV, that is, slightly
reduced compared to the fully k-point converged value of 2.14
eV. Equilibrated trajectories of ~4 ps for temperatures at 50,
100, 120, 150, and 200 K as well as an equilibrated trajectory
of 12 ps at 300 K were produced. The analysis of these
trajectories allows us to determine the finite-temperature band
gap of CsPbBr; by calculating the maximum of the peak and
the standard deviation of the thermal distribution at each
temperature.

As shown in Figure 1A, the band gap increases as a function
of temperature. This behavior of lead-halide perovskites is well-
known* and is due to the decrease in the antibonding orbital
overlap of the divalent cations and anions due to thermal
fluctuations but at variance to the behavior of classical Varshni
semiconductors. In addition, the band gap does not increase as
a linear function of temperature as shown in Figure 1A. In fact,
the variation of the band gap as a function of temperature can
roughly be divided into two regimes with a change of slope,
which takes place around a temperature range of 100—150 K.
This change in slope is similar to the case of MAPbI; and could
thus be associated with two different microscopic environ-
ments. To confirm such a hypothesis, we also performed
temperature-dependent time-integrated PL measurements in
CsPbBr; film samples.”’ The temperature-dependent emission
shown in Figure 1B shows an asymmetric peak at low
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temperatures (<180 K), which becomes more symmetric with
increasing temperature. To compare the finite-temperature
band gap that we calculated by performing MD simulations
with experimental values, we plotted the shift of the maximum
of the PL spectra as a function of temperature (Figure 1C).
Indeed, as predicted by the calculations, a change of slope at
~120 K is observed.

Dual-emission behavior has been observed for MA*-based
halide perovskites where it is attributed as mentioned above to
MA" disordered orthorhombic domains with different
emission characteristics due to the presence/absence of a
Stark effect induced by the dipolar field of the organic
cations.”* However, in the case of purely inorganic CsPbBr;, it
is not obvious what the molecular origin could be. For this
reason, we analyzed the data from the first-principles MD
simulations to identify the structural characteristics of CsPbBr;
at different temperatures.

In Figure 2, two local structures extracted from the
trajectories at SO and 300 K, respectively, are shown. We
observe that, at S0 K (Figure 2A), the Cs* ions show a
particular pattern when occupying the empty space between
the octahedra. This pattern can be described by two different
alternating layers, each of them consisting of a series of
horizontally aligned Cs™ occupying either of the two off-center
positions as shown in the right-hand side of Figure 2A. This
effect is a consequence of the relatively small size of the Cs*
ion that only occupies part of the available interoctahedral
space and is obvious only when looking along one direction of
the orthorhombic lattice. By observing the lattice from the
other two directions, Cs" are forming only one layer, their
position being near to the center of the empty space between
the octahedra. At higher temperatures this ordered behavior
vanishes, and at 300 K, Cs" are occupying positions near the
center of the cavities with respect to all three lattice directions
(Figure 2B).

https://dx.doi.org/10.1021/acs.jpclett.1c00263
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Figure 4. Local dipoles. Local structures of the ab initio MD trajectories, where the empty space between the octahedra is selected and projected.
Cs" (green balls), Br~ (orange balls), Pb** (silver balls). (A) Local structure of the 300 K trajectory. No dipole moment is observed since Cs*
assumes positions more and more near the center of cavity (blue ball). (B) Local structure of the 50 K trajectory. Local dipole moment (red arrow)
that the isotropic Cs* produces due to its preferential localization in either of two off-center sites of the cavity.

Given that CsPbBr; adopts an orthorhombic structure at
temperatures lower than 361 K, we expect the Pb—Br—Pb
angle distribution to be represented by angles that deviate from
180°. This is indeed the case for temperatures less than 150 K,
where the angle distributions have symmetric Gaussian forms,
as shown in Figure 3A. However, for temperatures higher than
200 K the angle distributions are getting asymmetric.
Especially at 300 K the percentage of Pb—Br—Pb angles
around 180° is starting to get significant, consistent with the
formation of pseudotetragonal domains within the ortho-
rhombic crystal structure of CsPbBr;.

To quantify the amount of pseudotetragonal domains
formed in the lattice as a function of temperature, we consider
the fraction of Pb—Br—Pb angles that lie in the range of [160°,
180°]. In Figure 3B, we plot the fraction of pseudotetragonal
domains defined in this way as a function of temperature. As
expected, the fraction of tetragonal-like arrangements increases
with temperature from 0.1 to 0.34 between 50 and 300 K. The
adoption of tetragonal-like arrangements with increasing
temperature does not correspond to a phase transition to the
tetragonal structure since on average the phase that CsPbBr;
adopts is still orthorhombic. This phenomenon can be
explained by the existence of a double-well potential in
which the Cs™ moves. On the top of the barrier of this double-
well potential, the Cs* occupies the central position between
the octahedra leading to local structures with tetragonal-like
arrangements that start to be populated at higher temperatures.
At lower temperatures (kzT < barrier height), the Cs*
occupies either of two off-center sites that corresponds to
the two minima of the double well.

To support these arguments, we also analyzed the Cs—Pb
distance distribution shown in Figure 3C. At low temperatures,
the distribution of the nearest-neighbor Cs—Pb distance is
characterized by two distinct peaks. However, with increasing
temperature the second peak starts to vanish leading finally at
300 K to a (slightly asymmetric) unimodal Cs—Pb distance
distribution consistent with configurations in which the Cs*
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occupies a position near the center of the interoctahedral
cavities.

Given the temperature-dependent change in the localization
of Cs”, we assumed that a local electric field produced by local
dipoles (Stark-like effect) is responsible for the asymmetric PL
spectra at low temperatures. For this reason, we calculated the
local dipole moment among the Cs* and the center of the
cavities. Figure 4A shows that, at 300 K, where Cs" assumes
positions more and more near the center of the cavity, the local
dipole moment is as expected zero. However, at lower
temperatures, such as at S0 K (Figure 4B) the preferential
localization of Cs* in either of two off-center sites in the empty
space between the octahedra leads to an average local dipole
moment on the order of 2.7 D quite comparable to and even
higher than the permanent dipole moment of MA* of 2.2 D.*
This establishes the fact that the change in the localization of
Cs" shifts the PL spectra from an asymmetric form at low
temperatures to a symmetric one at higher temperatures via a
Stark-like effect.

The PL spectra of CsPbBr; were recorded over a
temperature range of 15—300 K, and the low-temperature
(<180 K) bands show a pronounced asymmetry that is lost
with an increasing temperature. Similarly, the measured band
gap exhibits a change of slope at ~120—150 K. Using first-
principles MD simulations, we were able to identify the
molecular origin of these effects by examining the structural
characteristics of CsPbBr; at low and high temperatures,
respectively. We conclude that the origin of the gradual
disappearance of the asymmetry in the PL spectra with
increasing temperature lies in the presence of a local dipole
moment (ie., Stark effect) that the isotropic Cs' produces
when displaced away from the center of the cavity, due to a
preferential localization in either of two off-center sites in the
empty space between the octahedra at low temperatures. At
higher temperatures this effect vanishes, and Cs" assumes
positions more and more near the center of the cavities leading
to an increment of tetragonal-like arrangements within the
orthorhombic phase of CsPbBr;y similar to what has been

https://dx.doi.org/10.1021/acs.jpclett.1c00263
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reported in the case of MA*-based systems.”* The population
of these pseudotetragonal domains is not correlated with a
phase transition from the orthorhombic to tetragonal phase,
since the average structure of all the local structures that
contain these pseudotetragonal arrangements still maintains
the orthorhombic phase of CsPbBrj;. Overall, our in-depth
study presents intriguing results about the band-gap modu-
lation and emission properties of CsPbBr;, a compound that
has important applications in photoelectronic devices such as
photodetectors, LEDs, and photovoltaic cells.
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