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The paper presents the results of the temperature dependences study of the luminescence spectra (3.6—120K)
upon excitation by 405nm light and of the non-contact measured photoconductivity spectra (3.6—300K) of a
CsPbBr; single crystal. In the low-temperature photoluminescence (PL) spectrum, in addition to the self-trapped
exciton line (2.318eV at 10K), a rich structure, possibly related to exciton-impurity complexes, and a broad
band with a maximum at about 2.24 eV, which may be the PL of impurity or defect centers, are observed. The
photoconductivity (PC) spectrum contains two narrow peaks at the frequencies of intense excitonic PL lines and
a wide continuum corresponding to band-to-band absorption. While PL quenches with increasing temperature, PC
signal increases. Based on the analysis of the temperature dependences of the integral intensities of the exciton
peak in the PL and PC, the activation energies of 12 + 3 and 77 & 10 meV were found for the processes leading to
the decay of the self-trapped exciton, accompanied by the quenching of PL and the appearance of charge carriers.

An estimate of the exciton binding energy in a CsPbBr; single crystal was obtained: E, = 65 &+ 13 meV.
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Introduction

Lead-halide perovskites ABX3 (where Cs™ or the organic
cations CH;NH; (MA), CH(NH»); (FA) may serve as the
A cation, the Pb™ cation may serve as the B cation, the I~
Br~ or Cl~ halogen anions may serve as the X anions) are
promising materials for applications in photovoltaic devices
and electromagnetic radiation generating devices [1-4].
These materials have a wide scope of application due
to their optoelectronic properties, ie. low density of
traps, high quantum yield of luminescence, band gap most
suitable for solar radiation, high diffusion length of charge
carriers [1-3]. In particular, the all-inorganic perovskite
compound CsPbBr; has a better thermal stability compared
with hybrid organic-inorganic alternatives MAPbBr; and
FAPbBr;. Numerous research teams make efforts to
improve the properties of photovoltaic and light emitting
devices based on cesium-halide-perovskites through the
advancement of thin film, doping and micro/nanocrystal
technologies, including those embedded in various semicon-
ductor matrices, and layered structure technologies [3,5-12].
Study of single crystals is of paramount importance for un-
derstanding physical processes in cesium-halide perovskites.

This is the first study that investigates photoluminescence
(PL) and photoconductivity (PC) spectra of CsPbBrs; on
the same single crystal in a wide temperature range
(3.6—300K) with the spectral resolution up to 0.25meV.
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Temperature dependences of integrated exciton peak inten-
sities in PL and PC were examined, activation energies of
processes inducing dissociation of an autolocalized exciton,
exciton PL quenching and formation of charge carriers were
found.

The authors dedicate this work to the memory of
Vladimir M. Agranovich — an outstanding scientist and
colleague at the Institute of Spectroscopy RAS. VM. Agra-
novich was interested in hybrid organic-inorganic materials
for a long time. He elaborated the theory of Frenkel-Vanier-
Mott hybrid excitons that occur in nanostructures containing
organic and semiconductor quantum wells [13], took a keen
interest in studies of new promising photovoltaic materi-
als — hybrid organic-inorganic halide perovskites ABXj3
(X~ =17, Br~, CI-, B>* =Pb?*, Sn’*, AT =MA*, FAT)
that were carried out by his students [14]. Besides organic
cations, the perovskite structure of halide compounds is
stabilized only by one inorganic cation Cs*. Therefore, all-
inorganic cesium halide perovskites are on a par with hybrid
halide perovskites.

Experiment

A. Synthesis of CsPbBr; single crystals

A traditional method for growing crystals from a saturated
solution with slow precision decrease in the solution tem-
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Figure 1. CsPbBr; single crystals.

perature was used. An aqueous hydrobromic acid solution
(HBr 48%) was used as a solvent. A saturated solution
was prepared using the solubility curve data of CsPbBr;
in the HBr aqueous solution taken from [15]. The starting
salts (lead bromide (PbBr;) and cesium bromide (CsBr),
ACS grade) were mixed in 1:1 equimolar ratio. For this,
accurately weighed 1.9078 g PbBr, and 1.1071 g CsBr were
mixed and dissolved in 50 ml HBr. The solution was heated
on a water bath to 80°C and the saturated solution was
placed into a reactor for crystal growing. A fine seed single
crystal was also placed into the reactor. Then controlled
solution temperature decrease to room temperature was
performed at a rate of 0.15deg/h. Then the crystals were
removed from the solution, rinsed in ether and dried. The
prepared orange single crystals had natural faces and good
optical quality (Figure 1).

X-ray diffraction analysis for the synthesized samples
was conducted using a procedure similar to that described
in [16]. It has been shown previously in [17] that at
T ~ 300K the symmetry was monoclinic, rather than
orthorhombic, and a second-order phase transition with
space group change Pm — P21/m took place at the same
temperature.  Similar changes are also observed in the
prepared single crystal, ie. at T ~ 300K there are
superlattice reflections considering which the cell param-
eters are as follows: a = 11.6338(13), b = 11.7125(12),
c=11.6625(11) A, B = 89.65(1)°, space group is P21/m

B. Measurement of transmission and PL spectra

Transmission spectra shown in this work were measured
in the range of 8000—20000cm~! (1.0—2.5eV) covering
the fundamental absorption region of CsPbBr;. PL was
excited by the 4 =405nm diode laser and recorded in
the spectral region of 625—500nm (2.0-2.5eV). Spec-
tra were recorded using the Bruker IFS 125HR high-
resolution Fourier spectrometer with Si detector. Spec-

tral resolution (up to 2cm™!) was selected such that
to avoid spectrum distortions. Temperature dependences
of spectra in the range from 3.6K to 320K were ex-
amined using the Sumitomo SRP-082 closed-cycle cryo-
stat. A 14mm thick CsPbBr; single crystal was fixed
on a copper substrate using silver paste.  Then the
substrate was attached to the cryostat’s copper finger in
such a way that the natural (100) face of the crys-
tal was oriented perpendicularly to the incident radia-
tion.

B. Noncontact photoconductivity measurement

PC spectra of the CsPbBr; crystal were measured
using the noncontact photoconductivity (NCPC) method.
The crystal was placed between the capacitor plates.
One of the plates was semi-transparent (metal mesh),
the cryostat’s copper finger served as the second plate.
Capacitor with the sample placed into the cryostat was
connected to a circuit with an electromagnetic coil, which
created an oscillatory circuit. The coil and capacitor
were selected to ensure the oscillatory circuit resonance
frequency of ~ 180 MHz. Halogen lamp light modulated
by the Fourier spectrometer was incident normally onto
the sample through the semi-transparent plate. When
the electrical characteristics of the sample changed by
exposure to light (carrier generation), a resonance frequency
shift occured due to a change in the capacitor capaci-
tance. Frequency shift signal was applied to the Fourier
spectrometer input channel and, thus, PC spectrum was
recorded.

Results

Figure 2 shows the temperature-dependent PL spectra.
PL is very weak above 110K, two asymmetric peaks
are observed in the range of 110—40K, new features
occur below 40K and are enhanced as the temperature
decreases further, lines alternate in intensity (Figure 2,4, b).
At low temperatures (3.6—15K), there are two intense
narrow lines with an intermediate structure between them.
Positions of peaks of this structure are shown in Figure 2, c.
A broad band is observed on the long-wavelength side.
Decomposition of the spectrum into components gives
2.24 eV for the position of the maximum of the broad band
at 3.6 K. Figure 2,d shows comparison of the PL spectra
at the lowest (3.6K) and highest (320K) temperatures
studied. In the place of two narrow lines observed at a low
temperature, a broad asymmetric band appears at a high
temperature. There is another broad low-intensity peak on
the low-frequency side.

Figure 3 shows PC spectra. It can be seen that the
spectrum at room temperature exhibits one peak with a
shoulder in the long-wavelength region and a long ,tail*
towards the short-wavelength side. As the temperature
decreases to approx. 200K, the peak splits and as many
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Figure 2. PL spectra of the CsPbBr; single crystal (a) at several temperatures, (b) in the form of an intensity map, (c) at 10K indicating
the frequencies of spectral features, (d) at 320K and 3.6 K, normalized for comparison. The excitation wavelength is Aex = 405 nm.

as three peaks are observed at 150K, and at temperatures
below 70K the spectrum starts to decrease in intensity and
almost disappears at 5 K.

Discussion

In [18-20], reflection spectra of the CsPbBr; single
crystals displayed a strong exciton-polariton resonance at
2.322¢V at 10K and an exciton luminescence peak shifted
by 4—10meV into the long-wavelength side (2.318¢V).
In the above-mentioned studies, the exciton luminescence
line had a symmetric form with a small shoulder on the
low-frequency side. However, an intense line shifted by
~ 38meV towards the long-wavelength region, intermediate
structure and broad long-wavelength band (as in our case)
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were not observed. It is supposed that an intense PL line
2.318¢V in our spectra that was also observed in [18-20]
corresponds to an autolocalized exciton, while lower-
frequency lines are induced by transitions in the exciton-
impurity complexes. If these lines were photonic repetitions
of the exciton line [21] or resulted from the Rashba
effect [22-24], they would be observed in all crystals. Stud-
ies [18-20] most likely investigated more perfect crystals
than those used in this work and in [21-24]. A broad long-
wavelength band that was also observed in [21,22,25,26]
may result from PL of uncontrolled impurities or defects.
Investigation of their nature is not in the scope of this work.

As the temperature increases, the exciton luminescence
shifts into a short-wavelength side (Figure 2,4, b) and
then back into the long-wavelength side (a detailed temper-
ature dependence was not recorded due to a very low PL
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Figure 3. PC spectra of the CsPbBr3 single crystal (a) at several
temperatures, (b) in the form of an intensity map.

intensity above 110 K, however, as shown in Figure 2, d, the
PL main peak positions at 320K and 3.5K are the same).
This behavior differs from the red shift that is common to
semiconductors when temperature rises and was explained
by competitive impacts of thermal expansion and electron-
phonon interaction [27-29].

Figure 4 shows temperature dependences of PL and PC
integrated over the whole spectrum. What stands out is
the fact that there is no PL when PC signal is good and,
vice versa, there is no PC in the intense PL region (at
low temperatures). This is because carrier freezing-out
takes place as the temperature decreases, therefore, PC is
reduced, however, at the same time transitions with photon
emission become effective, which induces the PL signal.
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Figure 5. Transmission spectra (I — green), PC (2 — blue) and
PL (3 — red) of the CsPbBr; single crystal at T = 77K.
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Parameters in equations (1) and (2) obtained by fitting experimental data on the temperature dependences of the HF peak in PL (in the
range of 3.6—120K) and PC (in the range of 3.6—260K), respectively.
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Figure 6. Temperature dependences of the integrated HF peak
intensities in PL (black squares) and NCPC (red circles) of
the CsPbBr; single crystal. Solid lines — approximation by
equations (1) and (2) for PL and PC, respectively, with parameters
from the table.

the autolocalized exciton are shown in Figure 6. Solid
curves are approximations using formulas [30]

lo
oL (T) = —— 1)
1 + Aexp (%)
and E
lpc(T) =C + By exp (- (k”TPC)
E
+ B, exp <— %) (2)

for PL and PC, respectively (approximation parameters in
formulas (1) and (2) are listed in the table). Here, K is
the Boltzmann constant, Ep|_ is the energy of luminescence
temperature quenching, E()pc and Ey)pc are the thermal
activation energies of PC.

Value of Ep| agrees with 12 = 3 meV obtained from the
temperature dependence of luminescence intensity of the
CsPbBr; nanocrystals in the region of 10—50K [31] and
is close to the difference of exciton absorption and lumi-
nescence peak energies (about 10meV [20]). For the HF
peaks of PL and PC, the activation energies Ep_ and E(j)pc,
respectively, are close — the luminescence quenching chan-
nel coincides with the charge carrier generation channel

47 Optics and Spectroscopy, 2024, Vol. 132, No. 8

0.17

12+3 11.6 77 £ 10

It may be suggested that transition of the autolocalized
exciton to a free exciton is associated with an activation
energy of about 10meV. The free exciton travels along
the crystal and dissociates into electron and hole — PC
occurs and luminescence is quenched. PC activation energy
E@pc = 77 & 10meV is most likely associated with direct
thermal breakdown of the autolocalized exciton and creation
of an electron and hole. The scope of this study doesn’t
include the temperature dependence of luminescence in the
temperature range above 120K, where PL is very weak.
Such studies conducted in [31] gave 77 + 18 meV for the
luminescence temperature quenching energy in the range of
100—250K [31], which agrees with the PC activation energy
E(2)pc = 77 = 10 meV obtained herein. Electron departure
into a band from the exciton’s emissive state causes PL
quenching. Exciton binding energy is estimated from
such interpretation of the luminescence quenching and PC
activation channels: E, = E3)pc — E(1)pc = 65 £ 13 meV.

Reliable data on the value of the free exciton binding
energy Ey in the CsPbBr; single crystal is not available [19].
Ep is defined as the difference between the band gap width
Ey and exciton peak energy position in the absorption
spectrum. Experimental data for nanoparticles [32] and
thin films [33] cannot be used for bulk single crystals due
to considerable size effects [32-35]. Ellipsometric band
gap measurements on the CsPbBr; single crystals were
performed in the temperature range of 183—330K [28].
At fixed temperature, the values of Eg differ by 40 meV
depending on the data processing method [28]. There are
many studies where E, was determined by the tempera-
ture dependence of luminescence intensity [21,29,31,36,37].
The spread of results is enormous (from 37meV [29]
to 350meV [37]) depending on the studied temperature
interval and interpretation. In our opinion, such method is
not adequate for determining Ep, because a localized exciton
luminesces rather than a free exciton.

Conclusion

This is the first study that investigates transmis-
sion spectra in the fundamental absorption edge region
(1.98—2.48 V), PL at the band-to-band excitation (405 nm)
and NCPC of CsPbBr; in the temperature range of
3.6—320K on the same single crystal.  Besides the
exciton peak (2.318¢eV at 10K) observed in [18,19] on
perfect crystals and attributed to the autolocalized exciton
luminescence, the low-temperature spectrum of the given
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crystal had another narrow line with a comparable intensity
(2279eV at 10K), additional narrow lines in the range
of 2.279-2318¢V, and a broad (73.2meV) band with a
maximum near 2.24eV. Narrow PL lines in the range of
2279-2318 eV presumably refer to the exciton-impurity
complexes, and the broad band may be the PL of impurity
or defect centers. As the temperature increases, all
lines move into the high-frequency side (which is unusual
for semiconductors, but was observed in many studies
concerning spectroscopy of lead-halide perovskites) and
broaden, the intermediate structure disappears and two lines
with comparable intensities remain above approx. 20 K.

Two narrow peaks at the intense exciton PL line
frequencies and a broad band corresponding to the band-
to-band absorption are observed in the PC spectrum.
While PL is quenched with temperature rise, PC increases.
Temperature dependences of the integrated exciton peak
intensities in PC (3.6—250K) and PL (3.6—120K) were
examined.  Activation energy (10+3meV) was found
for the process in the temperature range of 3.6—120K
leading to dissociation of the autolocalized exciton, PL
quenching, and formation of charge carriers. This energy
is presumably equal to the energy difference between the
free and autolocalized exciton states. PC activation energy
77 £10meV at the excitation into the exciton band of
CsPbBr3 in the temperature range of 100—250K agrees
with the literature data concerning PL quenching in this
temperature range and is presumably equal to the distance
with respect to energy from the autolocalized exciton level
to the conduction band bottom. If such interpretation of
the found activation energies is correct, E, = 65 £ 13 meV
is obtained for the exciton binding energy in the CsPbBr;
single crystal.
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