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Production of Solidified Body from a Melt and Its Electrical Conductivity of CsSnBr;

Using Precursor Prepared by Mechanochemical Reaction Process
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Cesium-tin-bromide perovskite (CsSnBr3) has focused on as a candidate material for all-inorganic perovskite solar cell and thermoelectric
energy converter because of its optical, electrical, and thermal properties. On the other hand, the electrical properties have not been clarified yet
because of several inconsistent reports. In this paper, we produced CsSnBr; bulk from a melt using the precursor powder prepared by a
mechanochemical process. From powder X-ray diffraction analysis, main phase of the precursor was CsSnBr; perovskite, and minor impurities
were Cs,SnBry and CsSn,Brs. Although main phase of the bulk produced from a melt was CsSnBrs3, small amount impurity, CsSn,Brs was
confirmed. From the electrical conductivity (o;) measurement, irreversible temperature dependence of o, was observed at first time increasing
temperature. The conductivity measured from room temperature to 443 K at the first time showed metallic behavior. On the other hand, the
temperature dependence is changed into opposite with decreasing temperature. At this operation, o; decrease with decreasing temperature. This
semiconductor like behavior was found to be reversible after first increasing temperature operation. These results indicate that post anneal as well

as production process of CsSnBr; would be important to control its electric property.
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1. Introduction

The cubic cesium tin bromide perovskite (CsSnBrj) is a
potential material for all-inorganic perovskite solar cells and
thermoelectric energy conversion materials because of its
excellent optical, electrical, and thermal properties [1, 2].
Nevertheless, the synthesis difficulty was understood from
the phase relationship in the CsBr-SnBr, system (Fig. 1) [3,
4]. Although the melting point of CsSnBr; is approximately
723K, the eutectic point exists around 10mol% CsBr-
90 mol% SnBr, at 477 K. Therefore, when a mixed powder
with 50mol% CsBr-50mol% SnBr, is heated directly, a
liquid with a composition around 10mol% CsBr-90 mol%
SnBr, is initially formed at 477K; then, the liquid is
precipitates at the bottom of the container. The precipitation
of the liquid around the 10mol% CsBr-90mol% SnBr,
composition continues on further heating. As the results,
even though the mixed powder is changed into liquid above
723K, it is difficult to obtain a homogeneous liquid.
Therefore, in order to obtain the homogeneous CsSnBr;
solidified body from the melt, it is necessary to use a special
instrument for stirring the liquid above 723 K.

In oxide systems with similar phase relationship to the
CsBr-SnBr; system, the inhomogeneity can be prevented by
employing low-temperature synthesis processes, such as
coprecipitation and sol-gel methods [5—8]. However, the
wet process using solvent-like coprecipitation and sol-gel
methods is difficult to apply to a non-oxide system. A notable
dry process suitable for low-temperature synthesis is the
mechanochemical method. In the mechanochemical method,
the driving force of chemical reactions is impact force;
therefore, heating is unnecessary. Hence, the liquid formation
at the eutectic point, as shown in Fig. 1, and the precipitation
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Fig. 1 Phase diagram in CsBr-SnBr, system [3, 4].

of the liquid do not occur. Thus, a homogeneous liquid with a
CsSnBr; composition can be prepared.

Although the CsSnBr; perovskite is expected to be a
suitable material for all-solid perovskite solar cells and
thermoelectric devices, its electrical property is not clarified
yet. Only a few studies have reported on the electrical
conductivity (o)) of the CsSnBr; bulk. Moreover, the
temperature dependence of o; shows large discrepancy
among different reports [2, 9-11]; certain studies conclude
that the temperature dependence of o exhibits a metal-like
behavior, whereas others report that o, shows semiconductor-
like behavior.

In this study, we employed a mechanochemical reaction
process to prepare a precursor for producing the homoge-
neous CsSnBr; melt [12, 13]. Further, we produced the
CsSnBr; bulk from the melt and investigated its electrical
conductivity.
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2. Experiments

2.1 Mechanochemical synthesis

Cesium bromide (CsBr, 99.9%, Wako Pure Chemical
Industries, Ltd., Japan) and tin (II) bromide anhydrous
(SnBr,, 99.9%, Kojundo Chemical Lab. Ltd., Japan) were
used as raw materials. In a nitrogen-filled glove box, the
same molar amount of CsBr and SnBr, were weighed to a
total amount of 20 g. The weighed CsBr and SnBr, were set
in a calcia-stabilized zirconia (CSZ) pot. Then, approximately
100 g of yttria-stabilized zirconia (YSZ) balls were set in the
CSZ pot. The diameter of the ball was 10 mm. A cap with a
Teflon® ring was put on the pot. Subsequently, the pot and
cap set was placed in an enclosed stainless steel container.
The container was taken out from the glove box and set in a
planetary ball mill instrument (PULVERETTE 6, Fritsche,
German). The mechanochemical reaction was conducted at
400rpm for 3h. After the milling, the mechanochemically
reacted sample was scraped off from the inside wall of the pot
in the glove box. The scraped sample and YSZ balls were
placed in the pot and placed in the enclosed stainless-steel
container. The sample was mechanochemically reacted again
under the same conditions as the first time. The reacted
sample was scraped off from the pot and pulverized into
powder using a zirconia mortar and pestle in the glove box,
and the powder was used as a precursor to produce the
solidified body from the melt. The formed phase of the
precursor was confirmed by using X-ray diffraction (XRD)
instrument (TTR-III, Rigaku Co. Ltd., Japan).

2.2 Production of solidified body from the melt

The precursor powder was enclosed in a vacuum quartz
glass tube of diameter 10 mm. The glass tube was heated at
823 K in a vertically placed electric furnace. It was gradually
cooled by moving it down from the center to the bottom of
the furnace. The moving rate was 0.01 mm/s. Hence, the
solidified body with a diameter of approximately 10 mm and
a length of 60 mm was obtained. The solidified body was
removed from the quartz tube at room temperature; then, a
disk shape sample of 1.7mm thickness was cut from the
body using a low-speed diamond blade saw. Herein, the
disk is denoted as a solidified disk. The formed phase at the
surface of the cut disk was confirmed by XRD analysis.

A part of the solidified body was fractured to conduct
composition analysis using an energy dispersive X-ray
spectrum meter (Element EDS, EDAX, USA). The spectrum
meter was attached to a scanning electron microscope
(FlexSEM 1000 II, Hitachi High-Tech. Corp., Japan).

To confirm the validity of the precursor, a solidified body
from a melt was produced using a CsBr-SnBr, mixed
powder. The production condition was the same to the body
made from the precursor powder. The formed phase was
analyzed by the XRD pattern from the cut surface similar
to the surface prepared from the disk surface made from the
precursor powder.

2.3 Electrical conductivity measurement

Carbon disks were used as electrodes. The solidified disk
was sandwiched by two carbon disks. Platinum wires were
wound around each carbon disk as lead wires. The
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conductivity was measured under nitrogen flow in the
temperature range between room temperature and 448 K.
The measurements were carried out while repeatedly
increasing and decreasing the temperature cycle between
the room temperature and 448 K. Electrical conductivity
measurements were carried out based on the two-probe
impedance method using a potentiostat/galvanostat (Refer-
ence 600, Gamry, USA). No clear spectra were observed
by impedance measurements due to the relaxation process;
therefore, the spectra were explained only by the resistor. The
total conductivity was calculated from the resistance, surface
area, and thickness of the solidified disk.

3. Results and Discussions

3.1 Mechanochemical reaction

Macroscopic pictures of the 50mol% CsBr-50mol%
SnBr, mixed powder and the precursor obtained by the
mechanochemical reaction are shown in Fig. 2. The raw
material mixture (50 mol% CsBr-50mol% SnBr,) is white
because CsBr and SnBr, are colorless. Conversely, the
precursor is black; therefore, the chemical reaction is visually
found to proceed by the impact force at planetary ball
milling. The main peak positions in the XRD pattern
collected from the precursor powder is found to show good
agreement with the peak positions of CsSnBr; [14] (Fig. 3).
The positions of other small peaks showed good agreement
with those of Cs4SnBrg and CsSn,Brs [3, 15]. These formed
phases are compounds having lower SnBr, composition
compared to the eutectic one (90mol% SnBr,) shown in
Fig. 1. It was found that formation of the inhomogeneous
liquid at 477 K due to the eutectic reaction as shown in Fig. 1
was prevented by the mechanochemical reaction even though
the mechanochemical reaction was essentially a solid-state
reaction process.

3.2 Solidified body from a melt
The XRD pattern collected from the cut surface of the

Fig. 2 Overview of (a) mixed powder of raw materials, CsBr and SnBr,,
and (b) precursor obtained by mechanochemical reaction.
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Fig. 3 X-ray diffraction pattern of (a) the precursor obtained by
mechanochemical reaction. Calculated patterns of (b) CsSnBr; [14],
(¢) Cs4SnBryg [3], and (d) CsSn,Brs [15] are plotted for comparison.
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Fig. 4 (a) X-ray diffraction pattern collected from a cut surface of CsSnBr;
solidified body from a melt using a precursor by mechanochemical
reaction. X-ray diffraction patterns of (b) adhesive used to fix the
sample, and calculated patterns of (c) CsSnBr; [14], (d) Cs4SnBrg [3], and
(e) CsSn,Brg [15] are plotted for comparison. X-ray diffraction pattern
collected from a cut surface CsSnBr; solidified body prepared from
50mol% CsBr-50 mol% SnBr, mixture.

solidified body from the melt is shown in Fig. 4(a). Except
for the XRD pattern of an adhesive to fix the solidified disk
(Fig. 4(b)), the main peaks were found to show good
agreement with CsSnBr; peaks. On comparing the peaks
between the precursor powder and the cut surface of the
solidified disk, the CsSn,Brs peak intensities were relatively
low. In addition, the peaks of Cs4SnBrg were not present in
the solidified disk. Based on these results, the amount of
impurity segregation decreased in the case of the solidified
disk.

After comparing the reported XRD peaks of CsSnBr3, the
peak intensities at 111 and 222 that were collected from the
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Fig. 5 Arrhenius plot of CsSnBrj; solidified body using mechanochemical
precursor. Conductivity data from (1) Ref. [10], (2) Ref. [2], (3) Ref. [9],
and (4) Ref. [11] are plotted for comparison.

solidified disk surface were relatively high. Therefore, the
cut surface of the solidified disk was oriented to the [111]
direction in which large grains existed. In this study, the
solidified body was produced by slow cooling from the
melt of the precursor enclosed in a vacuum quartz glass tube.
From this method, single crystal and/or large grains were
preferably grown from seeds formed during slow cooling.
Large grains oriented to the [111] direction were contained
because a tendency of the crystal orientation was observed by
the XRD pattern.

The XRD pattern collected from the cut surface of the
solidified body produced from the 50 mol% CsBr-50 mol%
SnBr, powder is shown in Fig. 4(f). From this pattern, no
peaks from CsSnBr; were confirmed; further, phase
identification was not possible. The reason for the formation
of such solidified bodies was suggested to be the lack of
homogeneity of the liquid composition as explained in the
introduction.

3.3 Electrical conductivity

Figure 5 shows an Arrhenius plot of o, measured using
the solidified disk. At the first increase of the temperature
process from room temperature to 448K, o; decreased
with an increasing temperature, i.e., metal-like behavior.
Then, the temperature dependence of o; was changed to a
semiconductor-like behavior when o, decreased with a
decreasing temperature. Subsequently, o; showed a reversible
temperature dependency by repeating the temperature cycle
as shown in Fig. 5, i.e., semiconductor-like behavior. The
activation energy calculated from the slope of the Arrhenius
plot was 0.02 eV above 333K and 0.3 eV below 333 K. The
critical temperature of 333K is different from the reported
one of the semimetal - semiconductor phase transition
(393K) [11] and structural phase transition (286 K) [14]. In
addition, this our results are different from the reported one
that the o, spike appeared at the semimetal - semiconductor
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Fig. 6 Results of composition analysis on a fracture surface of CsSnBr; solidified body from a melt using mechanochemical precursor.

phase transition [11]. The origin of the activation energy
change has not been clarified yet.

The reported logo; values shown in Fig. 5 show a wide
scattering range from —2 to —6. The reported results on
temperature dependence showed a large discrepancy because
of the metal-like behavior [2, 9, 10], semiconductor-like
behavior [11], and existence (or not) of logo, spike due to
the phase transition. The log o; values obtained in this study
fall in the range of the existing reported data [2, 9—11]. The
log o with semiconductor-like behavior was reversible for the
temperature cycle. However, no log o, spike appeared.

The observed differences were attributed to variations in
the sample production process. The sample showing a log o;
spike due to the semimetal - semiconductor transition was
a single crystal [11, 16] grown from heated ethylene glycol
dissolved CsBr and SnBr,. The single crystal was grown by
slowly cooling the solution. The sample production process
was different from our study. Regarding the conductivity
measurement, o, of the single crystal was reported to be
measured after several temperature cycles in order to appear
reversible temperature dependence of o; to remove an
influence on thermal stress and so on [11]. The fact that
temperature dependence of 6, became reversible after several
temperature cycles was similar to our results.

The bulk and single crystal samples showing metal-like
behavior is produced by slow cooling from a melt [2, 9, 10].
The melt was produced from a mixture of CsBr and SnBr;.
With regards to the temperature reversibility of o, there
was no explanation; therefore, the same phenomenon of the
temperature behavior of o, observed at the first temperature
increase of our sample possibly occurred.

The anisotropy of 6, might not appear for CsSnBr3 because
of its cubic structure. Therefore, the difference between our
o, results and the reported data is not due to the 111 crystal
orientation as explained in Fig. 4.

Based on these results, CsSnBr; probably has several
metastable states. The solidified bulk and single crystal are

Atom% Error %
41.73 12.63
10.38 10.91
26.95 5.94
9.81 5.66
11.13 7.44

frozen at the metallic metastable state that may be
transformed into a stable semiconductor phase by increasing
the temperature. The stability of this semiconductor phase
was high; therefore, the reversible temperature dependence
on o; appeared after the first temperature increase.

The reason that reported o, values are scattered in
approximately a 4-order range is probably a difference in
impurity composition. From the chemical analysis from the
fractured surface of the solidified rod used in this research, a
negligible amount of oxygen was detected (Fig. 6). However,
we could not be achieved a quantitative estimation because
of the large error. When oxygen was substituted at the
bromide ion site, a hole was formed due to the difference
in their valence numbers. Further investigation is necessary
to investigate the oxygen contamination observed because
there has been no report on this so far. In addition, a defect
chemical analysis involving the doping of aliovalent ions is
also necessary because of the absence of studies on CsSnBr;
that investigate its defect chemistry.

Another possible contaminant is zirconia because we
employed the mechanochemical reaction using a zirconia
pot and balls. The Zr-La peak should appear at 2.04 keV in
the energy dispersive X-ray spectrum (EDS). By confirma-
tion of Fig. 6, no peak is found at 2.04 keV; therefore, the
concentration of Zr in our sample is lower than the detection
limit of the spectrum meter (1atom%). Hence, the
contamination of Zr is ignorable.

The electric properties must be controlled for applications
to perovskite solar cells and thermoelectric devices; in
particular, the stability of electric properties is important.
As explained above, not only the absolute value but also the
temperature dependence of o, for CsSnBr; strongly depends
on the production process. The temperature reversibility of
o, results in stable electric properties. Hence, post annealing
is necessary to produce CsSnBr; samples with stable electric
properties.
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4. Conclusion

In this study, a CsSnBr; precursor powder was prepared by
the mechanochemical reaction to produce the solidified body
from the melt. In addition, the solidified body was produced
using the precursor; then, the electrical conductivity was
measured using the solidified disk cut from the body.

The colorless mixed powder of CsBr and SnBr, was
changed into a black powder by a mechanochemical reaction.
Although the main phase of the blackened precursor was
CsSnBr3, small peaks from CsSn,Brg were observed. From
the XRD analysis of the solidified body produced from the
50mol% CsBr-50mol% SnBr, powder, the peaks from
CsSnBr; were not observed and phase identification was
not feasible because of the formation of inhomogeneous
liquid. Therefore, we confirmed that the CsSnBr; precursor
preparation process was valid for the production of the
CsSnBrj solidified body from the melt.

The total electrical conductivity (o;) measured at the first
temperature increase showed metallic behavior, i.e., o;
decreased as the temperature increased. On the contrary, o;
changed into a semiconductor-like behavior because o
decreased as the temperature decreased in the temperature
range from 448 K to room temperature. Thus, the o; values
were different when o, was measured at the first temperature
increase and the subsequent temperature decline. After the
first temperature cycle, o; demonstrated a reversible temper-
ature change with a semiconductor-like behavior. Based on
these results, we concluded that the produced CsSnBr;
solidified bulk was in a metastable state. The Arrhenius plot
of the reversible o; showed a bend at 333 K, which was in
disagreement with the reported phase transition temperatures.
Moreover, a large variation of ¢ values of CsSnBr; has been
confirmed in previous studies. Thus, further research is
necessary to clarify the electrical properties of CsSnBr;.
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