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The properties of electrically conductive CsPbBr3 single crystals obtained from the melt have been
studied. According to the results of Raman spectra, the covalent bonds in the octahedra [PbBr6]

4−

have di�erent strengths in di�erent directions. This bond anisotropy promotes the formation of
bromine vacancies located along selected crystallographic directions, which become sites of crystal
degradation and the formation of Cs4PbBr6 microformations. A potential barrier at the boundary
between the Cs4PbBr6 single crystal and the Cs4PbBr6 microformations was found.
Key words: single crystal, electrically conductive, Raman spectra, voltage-current characteristi-

cs, microformations.
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I. INTRODUCTION

In recent years, inorganic halide perovskites have
attracted much attention from scienti�c community.
These materials have promising properties for use in
emitting and recording diodes [1], as laser-active media
[2], as photosensitive elements for solar cells [3], etc.
Such a wide �eld of application is related to appropri-
ate properties and the ability to control them in a wide
range of values. For example, the exciton luminescence
of inorganic halogen perovskites CsPbX3, where X =
I,Cl,Br [4], and their mixtures cover the entire visible
part of the spectrum.
CsPbBr3 crystals exhibit a high quantum lumi-

nescence yield with a narrow luminescence exciton band
[5]. Furthermore, the halide change in perovskite allows
one to smoothly shift the edge of its absorption and the
radiation band in a wide range from UV to red. These
properties make them promising when used as phosphors
to form a color image. In addition, during the transition
from a single bulk crystal to nanocrystals, a change in the
wavelength of emission is observed due to the quantum
size e�ect [4].
With a temperature change, perovskites undergo

phase transitions. In particular, CsPbBr3 transforms
from the cubic to the tetragonal phase at 132◦Ñ
and from the tetragonal to the orthorhombic phase
at 78◦Ñ. For nanoscale CsPbBr3, the coexistence of
tetragonal (P4 /mbm) and orthorhombic (Pbnm) phases
at temperatures below room temperature was detected.
Another phase transition from the orthorhombic to the
tetragonal phase was registered at room temperature
under illumination [7]. The conversion of CsPbBr3 to

the Cs4PbBr6 phase was registered in [8] under the
moisture in�uence on the sample. Thus, at di�erent
temperatures, CsPbBr3 may be in di�erent phases, as
well as it can contain inclusions of di�erent phases si-
multaneously. The electrical current contributes to the
degradation of crystals due to the ionic nature of the
conductivity in this material.

The conductive properties of perovskites depend on
the method of crystal synthesis. This is because the
synthesis determines the quality of the samples, the
structure, and the number of defects in the lattice
[9]. Therefore, a profound understanding of the sample
structure and the nature of sample defects is crucial. It
will help to e�ectively use the merits of these materi-
als and minimize the impact of degradation on their
properties [10].

II. TECHNIQUE, METHODOLOGY AND

SAMPLE PREPARATION

The synthesis of CsPbBr3 was performed in a quartz
ampoule of CsBr and PbBr2 of high purity, mixed in a
stoichiometric ratio. CsPbBr3 single crystals were grown
by the Stockbarger method. Samples for the study were
chopped from the grown big crystal. During the chip-
ping of the samples, a plane of easy-cleavage ([x]-slice
in Fig. 1,b) was found. The sample splits much easier
along this plane than in the direction perpendicular to
it ([z]-slice). The poorly chipped surfaces of the sample
([z]-slice in Fig. 1) were polished with Al2O3 powder with
a grain size of 1�10 µm.
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Fig. 1. Sample CsPbBr3: a) [z]-slice (polished), b) � [x]-slice (chopped)

For electrical measurements, silver paste contacts were
made on the chipped planes of the [x] and [y]-slices or
on the polished surface of the [z]-slice of the sample.
The sample dimensions were determined using an optical
microscope.

The structure identi�cation and sample quality were
evaluated with the use of Raman spectra. A 785 nm
laser was used for excitation in Raman experiments.
The spectra were obtained using a computer-controlled
Monovista CRS + (SI Ltd) set-up with a Trivista
Software.

The resistance of the samples was measured using KEI-
THLEY 6517B electrometer. The DC voltage source bui-
lt into the electrometer was used to apply voltage to the
sample with the 5 mV increment. The measurement was
performed with an automatic system using a program
written in LabView. The �rst measurement of voltage-
current characteristics of polished and chipped samples
was performed immediately after chipping and polishing
and preparation of contacts. Subsequent measurements
were repeated every two days for two weeks.

During the photoconductivity measurements,
CsPbBr3 was excited by an SLD-405-100T semi-
conductor laser with a radiation wavelength of 405 nm
and a nominal power of 100 mW. Normally the laser
beam fell on the sample surface perpendicular to the
direction of the passing current, without illuminating the
contacts. The change in the laser irradiation power of
the sample was provided by a set of glass neutral-density
�lters.

III. RESULTS

Raman spectra measured under 785 nm laser exci-
tation are given in Fig. 2. A narrow line at 72 cm−1

and broadband in the range 127�175 cm−1 are observed
for all samples. These lines correspond to the osci-
llatory modes of the pair of Cs+ cations and [PbBr6]

4−

octahedra. The peak at 310 cm−1 (inset in Fig. 2)
corresponds to the second-order of the oscillating band
of the octahedron [PbBr6]

4− [9, 10]. As it can be seen,
a band around 127 cm−1 has a relatively lower intensity
in the Raman spectrum of the polished sample than in
the chopped samples.

100 200 300 400 500
0,0

0,2

0,4

0,6

0,8

1,0

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
rb

.u
ni

ts
)

127 m-1

310 m-1

127 - 175 m-1

72 m-1

Wavenumber (cm-1)

 Chopped perpendicular contacts
 Chopped parallel contacts
 Polished

Fig. 2. Raman spectra of CsPbBr3 excited at 785 nm for
chopped and polished samples

Voltage-current characteristics in three di�erent di-
rections of current for the sample CsPbBr3 are presented
in Fig. 3. The average values of resistivity were: in the
direction Îõ � 0.76 GΩ · cm, in the direction Îy �
0.44 GΩ · cm. In both cases, current density is almost
independent of time (see Fig. 3,a,b). The voltage-current
characteristic in the Îy direction is more linear (see
Fig. 3,a,b) than in the Îx direction. On the contrary,
the scatter of the conductivity values is larger for the
Îy direction than in the Îõ direction. In the case of
Îz direction (contacts on polished surfaces), the voltage-
current characteristic is linear only during the �rst 10 to
20 hours (see Fig. 3,c). During the week it loses linearity
after longer measurements. In particular, at the electrical
�eld strengths below 0.3 V/cm, the current decreases and
almost does not depend on the electrical �eld. With the
�eld around 0.5 V/cm, current comes back to the level
of linear characteristics which were observed during the
�rst 20 hours. Before the linearity loss, the average value
of resistivity was 0.65 GΩ · cm. The obtained values of
resistivity are in good agreement with the results obtai-
ned by other authors [12�14].
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Fig. 3. Voltage-current characteristics of CsPbBr3 crystal for three di�erent current directions: à � chopped sample (current
direction Îõ ); b � chopped sample (current direction Îy); c � polished sample (current direction Îz )

Fig. 4. Photoconductivity of CsPbBr3 excited by a laser with a wavelength of 405 nm

In Fig. 4,a, the voltage-current characteristics of
CsPbBr3 during its irradiation with a semiconductor
laser with a wavelength of 405 nm are shown. As can
be seen from the graph, as the intensity of the irradiat-
ing light increases, the resistance of the sample decreases.

Also, there is a slight nonlinearity of the voltage-current
characteristics of the illuminated sample. Figure 4,b
shows the photoconductivity dependence on irradiation
power, which illustrates the saturation tendency.
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IV. DISCUSSION

Due to the phase transition [12, 15] from the cubic
to the tetragonal phase (which occurs at 132◦Ñ),
the octahedra [PbBr6]

4− alternately rotate around the
crystallographic axis of the fourth-order. During the
transition from the tetragonal to the orthorhombic phase
(occurs at 87◦Ñ), the rotation increases, and additi-
onal deformation of octahedra [PbBr6]

4− occurs [2]. As
a result, the length of the Pb�Br bond becomes di-
�erent, and the rhombuses formed alternately rotate.
This deformation causes di�erent strengths of the Pb�Br
covalent bond. This is con�rmed by the wide structural
contour of the Raman scattering band from the X and Y
planes in the range 127�175 cm−1 [16, 17], which is the
result of oscillations of di�erent frequencies, and con�-
rms the di�erent distances between Pb+ and Br− ions.
Therefore, Br− sites become unequal, which may be the
reason for forming bromine vacancies located in selected
crystallographic directions. The existence of such bromi-
ne vacancies reduces the integrity of the crystal and
causes additional anisotropy of the physical properties
of the crystal [18]. Such directions can form planes of
quasi-cleavage. In addition, bromine vacancies located in
selected crystallographic directions may be the sites of
other phases formation, in particular Cs4PbBr6. In our
study, the 127 cm−1 line is clearly distinguished in the Îz
direction, con�rming the deformation of the octahedra
[PbBr6]

4− in only two directions Îõ and Îõ. Some
authors, in particular in [19], claim that a narrow band of
127 cm−1 is characteristic of Cs4PbBr6. Therefore, the
presence of a band of 127 cm−1 in the Raman spectra

requires additional discussion

Oriented microformations of Cs4PbBr6 will reduce the
conductivity of the crystal in the Îõ and Îy directi-
ons. Furthermore, due to mechanical treatment dur-
ing polishing, an amorphous layer is expected to form
on the surface. Therefore, the resistance in the Îz di-
rection is higher due to the application of contacts on
those polished surfaces. In addition, the concentration
of Cs4PbBr6 formations in the amorphous layer may
increase over time, which, obviously, may cause the
increased nonlinearity of the voltage-current characteri-
stics of CsPbBr3 (Fig. 3,c).

V. CONCLUSIONS

Raman scattering studies indicate that the magnitude
of Pb�Br covalent bonds is di�erent in di�erent directi-
ons. As a result, Br anions become unequal, and this is
the reason for the formation of bromine vacancies located
in selected crystallographic directions. This process leads
to the appearance of quasi-cleavage planes, degradation
of the crystal structure of CsPbBr3 due to microformati-
ons of Cs4PbBr6. This is manifested in the change of
the spectra of Raman scattering and in voltage-current
characteristics, i.e the appearance of a band of 127 cm−1

and emergence of nonlinearity of the voltage-current
characteristic caused by a potential barrier between the
CsPbBr3 single crystal and Cs4PbBr6 microformations,
respectively.
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Äîñëiäæåíî åëåêòðîïðîâiäíi âëàñòèâîñòi (âîëüò-àìïåðíi õàðàêòåðèñòèêè òà ôîòîïðîâiäíiñòü
ïiä äi¹þ íàïiâïðîâiäíèêîâîãî ëàçåðà ç äîâæèíîþ õâèëi âèïðîìiíþâàííÿ 405 íì) ìîíîêðèñòàëiâ
CsPbBr3, îòðèìàíèõ iç áiíàðíèõ ñïîëóê CsBr i PbBr2 âèñîêî¨ ÷èñòîòè, çìiøàíèõ ó ñòåõiîìåòðè÷íî-
ìó ñïiââiäíîøåííi, ìåòîäîì Ñòîêáàð åðà. Âèìiðÿíi ïiä ÷àñ çáóäæåííÿ ëàçåðíèì âèïðîìiíþâàííÿì
ç λ = 785 íì ðàìàíiâñüêi ñïåêòðè ïîêàçàëè íàÿâíiñòü âóçüêî¨ ëiíi¨ çà 72 ñì−1 òà øèðîêî¨ ñìóãè
â äiàïàçîíi 127�175 ñì−1, ÿêi âiäïîâiäàþòü êîëèâàëüíèì ìîäàì ïàðè îêòàåäðiâ Cs â îòî÷åííi Br
òà îêòàåäðiâ [PbBr6]

4− âiäïîâiäíî. Ïiê çà 310 ñì−1 âiäïîâiäà¹ äðóãîìó ïîðÿäêó êîëèâàëüíî¨ ñìóãè
îêòàåäðà [PbBr6]

4−. Öå ïðîÿâëÿ¹òüñÿ â çìiíi ñïåêòðiâ êîìáiíàöiéíîãî ðîçñiþâàííÿ ñâiòëà � âèíè-
êíåííÿ ñìóãè 127 ñì−1, ùî ïiäòâåðäæó¹ äåôîðìàöiþ îêòàåäðiâ [PbBr6]

4− ëèøå ó äâîõ íàïðÿìêàõ
� X òà Y , ÿêà ïðèâîäèòü äî ðiçíî¨ âåëè÷èíè êîâàëåíòíîãî çâ'ÿçêó Pb�Br â îêòàåäðàõ [PbBr6]

4−.
Òàêà àíiçîòðîïiÿ çâ'ÿçêiâ ñïðèÿ¹ óòâîðåííþ îði¹íòîâàíèõ ó ïåâíèõ âèäiëåíèõ íàïðÿìêàõ âàêàíñié
áðîìó, ÿêi ñòàþòü ìiñöÿìè äå ðàäàöi¨ êðèñòàëà òà âèíèêíåííþ ìiêðîóòâîðåíü Cs4PbBr6 i ïðèâîäèòü
äî ïîÿâè ïëîùèí êâàçiñïàéíîñòi òà äå ðàäàöi¨ êðèñòàëi÷íî¨ ñòðóêòóðè CsPbBr3 óíàñëiäîê âèíèêíå-
ííÿ ìiêðîóòâîðåíü Cs4PbBr6. Íà ìåæi ìîíîêðèñòàëà CsPbBr3 òà ìiêðîóòâîðåíü Cs4PbBr6 âèÿâëåíî
ïîòåíöiàëüíèé áàð'¹ð, ÿêèé ïðîÿâëÿ¹òüñÿ â íåëiíiéíîñòi âîëüò-àìïåðíî¨ õàðàêòåðèñòèêè CsPbBr3.
Âîëüò-àìïåðíà õàðàêòåðèñòèêà â íàïðÿìêó Îy ¹ áiëüø ëiíiéíîþ, ïðîòå ðîçêèä çíà÷åíü ïðîâiäíîñòi
áiëüøèé, íiæ çà ïðîòiêàííÿ ñòðóìó â íàïðÿìêó Îõ. Ó íàïðÿìêó Îz (êîíòàêòè íà ïîëiðîâàíèõ ïî-
âåðõíÿõ) âîëüò-àìïåðíà õàðàêòåðèñòèêà ëiíiéíà ëèøå ïðîòÿãîì ïåðøèõ 10�20 ãîäèí. Îði¹íòîâàíi â
ïåâíèõ íàïðÿìêàõ ìiêðîóòâîðåííÿ Cs4PbBr6 ïîíèæóþòü ïðîâiäíiñòü êðèñòàëà â íàïðÿìêàõ X òà
Y . Áiëüøèé îïið ó Z-íàïðÿìêó çóìîâëåíèé íàíåñåííÿì êîíòàêòiâ íà ïîëiðîâàíi ïîâåðõíi, íà ÿêèõ
¹ àìîðôíèé øàð, óíàñëiäîê ìåõàíi÷íî¨ îáðîáêè. Êðiì òîãî, â àìîðôíîìó øàði ç ÷àñîì äîäàòêîâî
ìîæå çðîñòàòè êîíöåíòðàöiÿ óòâîðåíü Cs4PbBr6, ÿêi, î÷åâèäíî, i çóìîâëþþòü ïîÿâó íåëiíiéíîñòi ó
âîëüò-àìïåðíié õàðàêòåðèñòèöi CsPbBr3.

Êëþ÷îâi ñëîâà: ìîíîêðèñòàë, åëåêòðîïðîâiäíiñòü, ñïåêòðè ÊÐÑ, âîëüò-àìïåðíi õàðàêòåðèñòè-
êè, ìiêðîóòâîðåííÿ
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