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Abstract. The paper presents the results of thermal transport properties study of CsPbBr3 perovskite at room temperature.
The samples were fabricated with the use of Bridgman method. For experimental investigations, the photoacoustic method
in gas-microphone configuration was used. The evaluated thermal conductivity was found to be equal 1+0.3 W/(m K).
Additionally, thermal conductivity was simulated with the use of equilibrium molecular dynamics approach. The value
calculated with the simulation approach was found to be equal to 0.75+0.8 W/(m K). Thus, one can state good agreements
of the results of simulations and experimental ones.

1. INTRODUCTION

Halide perovskites are promising for their applications in nowadays optoelectronic [1] devices, photovoltaics [2],
and photonics/polaritonics [3]. They possess low densities of carriers and traps, high carrier mobilities, high optical
absorption coefficients and high luminescence efficiencies. Specifically, it was found important rise (>24 % [4]) of
energy conversion efficiency for hybrid organic—inorganic halide perovskite photovoltaic cells compared to the silicon
based solar cells. The remarkable optical properties, low costs, and their diversity induce the significant interest in
such materials. However, such materials have low stability, and they degrade under the effect of humidity and thermal
loads. Against this background, the use of all-inorganic lead halide perovskites to the production of solar cells looks
promising. The most suitable for these purposes is CsPbBrs. Devices based on cesium lead bromide demonstrated
photovoltaic performance efficiency, comparable to that of MAPbBr3-based ones but with a higher thermal and
moisture stability [5]. Moreover, recent reports show a significant increase in the efficiency of CsPbBr3-based solar
cells [6, 7].

The study of the CsPbBr; perovskite single crystals is important also because such investigations will allow
characterizing more fully the functional properties of the material as compared to other forms of this compound.
Furthermore, monocrystalline silicon solar panels show much higher efficiency compared to polycrystalline panels.
This indicates the prospects for the use of single-crystal material in the solar cells industry. Moreover, one needs also
know the thermal conductivities of the components to simulate thermal conductivity of composites [8]. Therefore, the
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information regarding thermal properties of bulk material is also important for the further analysis of thermal transport
in the solar cells with nanoinclusions. Specifically, this information is important to tune parameters of interatomic
potentials for further consideration of the phonon scattering at the interfaces [9] and interfacial thermal resistance
calculations [10, 11], which is an important source of thermal conductivity redaction in nanostructured materials [12].

During operation time, different optoelectronics and photovoltaics devices can be overheated. Such overheating
can lead to arising of hotspots, that can lead to a noticeable reduction of their lifetime. The latter is crucial for halide
perovskite due to its low thermal conductivity, which is reduced in more than a hundred times compared to the bulk
silicon. Thus, one needs to optimize thermal transport properties of such structures to increase their stability. This is
the reason why the systematical study of heat conduction from both experimental and simulation sides is essential for
such materials.

From simulation point of view, molecular dynamics is versatile instrument for the study of thermal transport
properties of materials with different structure and composition [12, 13]. In such simulations, the atomistic system is
evaluated based on the predefine potentials. Parametrization of the potentials can be done according to the ab-initio
calculations and correlation between experimental and theoretical results.

As an experimental tool, photoacoustic (PA) and photothermal (PT) methods are encouraging approaches for the
study of thermal physical properties of various materials. Particularly, such methods are interesting for the study of
optoelectronics/photonics system due to the possibility to follow light induced heating of the structure [12, 14].

In the paper, the thermal transport properties of halide perovskite CsPbBr; were examined with the use of
photoacoustic approach in gas microphone configuration. Thermal conductivity was also simulated with the use of
molecular dynamics approach. The correlations between the results of experiments and molecular dynamics
simulation were stated.

2. EXPERIMENTAL DETAILS

2.1.Materials Fabrications

CsPbBr3 crystal was grown by the Bridgman method which is well suited for this compound given the congruent
type of melting [7, 15, 16]. First, the synthesis of perovskite was carried out by the fusion of initial materials.
Specifically, CsBr (6N) and PbBr; (5N) (manufactured by Alfa Aesar) in equimolar amounts were loaded in a quartz
ampoule with a diameter of 11 mm, and the air was pumped out to obtain pressure equal to 10-* mbar. The ampoule
was sealed and placed in a three-zone vertical furnace and then slowly heated up to 645 °C, which exceeds the melting
points of both reagents. This temperature was maintained several hours to achieve homogenization of the melt and to
complete the reaction between CsBr and PbBr,. Thereafter, the furnace was cooled down to room temperature for 20
hours. The following step was to grow the single crystal of CsPbBr3. The ampoule with the synthesized material was
slowly heated up to 585 °C, and then, it was gone down with a rate of 3 mm/h into the “cold” zone of the furnace until
the ingot crystallization was complete. After that, the furnace was slowly cooled down to the room temperature for 50
hours. The process of synthesis and growth of perovskite single crystal was carried out using a programmable
Thermocontroller Eurotherm 3504. After cooling, the grown crystal (Fig. 1) was taken out from the ampoule and cut
by the wire-cutting machine. The surface of monocrystalline samples was polished by Al,O3; powder with a grain size
of 1 and 0.3 um with WD-40 as a lubricant.

h 5X5%X2mm
£
E <>
3 x3X2mm
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FIGURE 1. a) As-grown CsPbBrs; single crystal with a diameter of 11 mm; b) monocrystalline polished samples
with sizes 5x5%2 mm and 3x3x2 mm
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2.2.Photoacoustic Measurements
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FIGURE 2. a) The experimental set-up employed for thermal conductivity measurements by PA technique; b) the experimental
amplitude-frequency dependences of the PA response obtained by the optical irradiation of the investigated sample by UV and
green laser diodes (circles and rhombuses, respectively), approximated by model calculations (solid and dash lines, respectively)

Thermal conductivity measurements of the samples were carried out at room temperature by a photoacoustic (PA)
method with gas-microphone registration in conventional configuration (see Fig. 2 a). The samples were placed inside
the home-made aluminum PA cell with quartz optical transparent window and built-in commercial electret
microphone. Continuous-wave single-mode green (4 = 532 nm, output optical power ~ 60 mW) and UV (1 =405 nm,
output optical power ~ 100 mW) diode lasers, modulated by a square-wave signal generator were used as non-
stationary electromagnetic radiation sources. The signal obtained from the microphone was compared with the
reference one from signal generator by the nanovoltmeter Unipan 232B to extract the amplitude of the informative
PA signal.

The PA response was generated by the sample irradiation in the non-resonant low-frequency range from 10 Hz to
2000 Hz (see Fig. 2 b). To deduce the instrumental factors that may influence the signal formation, the experimentally
obtained amplitude-frequency characteristics (AFC) were normalized at low frequencies by the calibration coefficients
obtained from measurements of pure black carbon and bulk Si test samples with well-established thermal and optical
properties.

The experimental AFC obtained from the CsPbBr3; samples were treated by using the thermal wave approach,
according to which a spatial distribution of a variable temperature component was simulated in the investigated
structure under its periodical irradiation [17]. The thermal conductivity calculations of the samples were carried out
numerically by minimizing the discrepancy between the experimental and simulation data based on a consideration
of 1D heat conduction equation:

‘;‘272 — 2L = I)(1 — R)a exp(—az), 1)
where « is the thermal conductivity, ¢ is the heat capacity, p is the mass density of the investigated sample, f is the
modulation frequency; lo is the incident intensity, R is the reflectivity, a is the absorption coefficient of the sample at
the considered wavelength.

Pressures perturbation registered by electret microphone was evaluated based on the following equation:

P =70 [ g, @

where index “g” means that the considered value is taken for the gas in the PA cell.

The experimental and theoretical data for both cases (when the sample is under irradiation by green or UV laser
diode) have a qualitative correlation for CsPbBr; samples when its thermal conductivity value is equal to 1 £ 0.3 W/(m
K). This value is in good agreement with the results reported earlier in [18, 19].
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3. MOLECULAR DYNAMICS SIMULATIONS

3.1.Thermal Conductivity Evaluation

The initial positions of the atoms (see Fig. 3) for MD simulations of thermal transport properties in CsPbBr3 was
taken from [16]. The interactions between atoms were set according to Buckingham and Coulomb potentials [20]. The
parametrization of interactional potential was taken from [21]. For thermal conductivity calculation we used
equilibrium MD approach, which is based on thermal conductivity evaluation based on the heat flux autocorrelation
function:

Kap = s I3 @) 15 O)), )

where V is the volume of simulation domain, Ky is the Boltzmann constant, T is the system temperature, J, (t) is the
heat flux in direction « at time step t.

FIGURE 3. The initial positions of the atoms in the halide perovskite CsPbBr3 crystalline lattice

All simulations were carried in Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [22].
Before calculations of heat flux correlations with Eq. (3), the systems were equilibrated during 100 ps with the use of
isothermal-isobaric (NPT) ensemble and, additionally, 100 ps in canonical (NVT) ensemble. After these steps, NVE
integration during 1 ns was performed while heat fluxes in each direction was recorded. The calculations were repeated
10 times with different initial distributions of velocities, and the final value of thermal conductivity was averaged for
different directions. The final evaluated value of thermal conductivity was found to be equal to 0.75+0.8 W/(m K).
This value is in a good agreement with experimental results.

3.2.Vibrational density of states

Additionally, the vibrational density of states (DOS) was calculated for considered material. For the calculation,
procedure described in details in [23] was used. More specifically, firstly the dynamic matrix calculations were
performed based on the Green function formalism [24, 25] in the NVE ensemble with a Langevin thermostat. The
systems were equilibrated during 200 ps, and then the system is run in the NVE ensemble for additional 2 ns to record
the atomic displacements and velocities. Using the eigenvalues of the dynamical matrices, the phonon DOS and the
phonon dispersions were then calculated using the auxiliary postprocessing code phana [25]. The evaluated DOS are
presented in the Fig. 4. The calculated phonon spectrum of halide perovskite CsPbBrj3 is found to contain low-energy
peaks, especially due to Cs and Br motion, as was well as an intrinsic dynamic instability[26].

020006-4



Phonon DOS (a.u.)

0 2 4 6 8
Phonon frequency (THz)

FIGURE 4. Vibrational density of states of atoms in the halide perovskite CsPbBr3 crystalline lattice

CONCLUSIONS

In the paper, the features of thermal transport properties in halide perovskite CsPbBr3; was considered. Firstly,
thermal conductivity of material was measured with gas-microphone photoacoustic method. The photoacoustic
response was excited with the use of light source with two different wavelengths to minimize impact of the optical
properties. Then, thermal conductivity was evaluated with the use of equilibrium molecular dynamics approach. The
good agreement was found between results of simulations and experimental ones. Our results are a basis for optimizing
the thermal properties of halide perovskite for its potential applications in optoelectronic and photovoltaic devices.
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