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a b s t r a c t

The high-pressure crystal structure and transporting properties of bismuthinite (Bi2S3) have been studied
with a combination of experimental and theoretical methods. The present experimental results show
that the structure of orthorhombic Bi2S3 stably exists in the experimental pressure range up to around
55 GPa. Upon compression, the X-Ray diffraction (XRD) patterns are dominated by broad Bragg features
and seemingly pressure-induced structural amorphization or disorder occurs. However, by analyzing the
XRD data obtained during the decompression cycle we suggest that the broad Bragg diffraction peaks
under high pressure could be due to the nonhydrostatic conditions or crystal structural defects. To
construct the correlation between the structural variation and the physical properties of Bi2S3, the
transporting properties of Bi2S3 were investigated under high pressure. With increasing pressure, the
resistance value decreases sharply below 5 GPa and then decreases gently as the pressure further
increasing. There is an obvious inflection point at about 5 GPa in the relationships of log (R) versus
pressure. We speculate that the observed electrical variation is resulted from the pressure-induced
second-order isostructural phase transition according to the reported literature. Temperature depen-
dence of the resistance indicated that a pressure-induced semiconductor / metal transition in Bi2S3
happens at around 20 GPa. The present high pressure resistance measurement indicated that high
pressure could help to improve the thermoelectric properties.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The pnictogenechalcogen binary compounds with common
formula V2VI3 (V ¼ As, Sb, Bi; VI ¼ S, Se, Te) usually show excellent
photocatalytic activity [1,2]. Among these compounds, Bi2S3 is a
typical prototype with direct gap band energy of 1.3e1.7 eV [3e6]
and could be applied in thermoelectric [7], electronic [8], and op-
toelectronic devices [9]. The crystal structure of bismuth sulfide
Bi2S3 occurs naturally in the form of orthorhombic bismuthinite.
Bi2S3 as well as its sister compound Sb2S3 has attracted much
attention due to their lone electron pairs (LEP) on cations [10]. The
crystal structure of Bi2S3 was refined by Kyono et al. by single
crystal diffraction method [11]. Orthorhombic Bi2S3 is a strongly
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anisotropic structure with space group Pnma that contains 20
atoms (4 chemical formulas) per unit cell. Each Bi3þ ions are in a
highly distorted octahedral geometry. The discovery of topological
insulators (TIs) in V2VI3-type compounds Bi2Se3 and Bi2Te3 opened
a new era in fundamental topological physics, and attracted much
attention in experimental and theoretical investigations [12,13].
Bi2Se3 and Bi2Te3 have various actual applications, such as ther-
moelectric materials, besides the comprehensive theoretical in-
vestigations in condensed matter physics. Both Bi2Te3 and Bi2Se3
compounds adopt a rhombohedral structure (R-3m, Z ¼ 3) at
ambient conditions, which is made up of Se(Te)-Bi-Se(Te)-Bi-Se(Te)
quintuple layers piled up along the c-axis. Bi2Se3 and Bi2Te3 can be
seen as substituting S in Bi2S3 with the same VI main group ele-
ments Se and Te, while the structure of them falls into a completely
different class from Bi2S3.

Pressure, together with temperature, is a key external variable
which can tune structures and corresponding properties of mate-
rials. In addition to the remarkable effect on the crystal structures of

mailto:yuzh@hpstar.ac.cn
mailto:yanhao@hpstar.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2016.06.276&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
http://dx.doi.org/10.1016/j.jallcom.2016.06.276
http://dx.doi.org/10.1016/j.jallcom.2016.06.276
http://dx.doi.org/10.1016/j.jallcom.2016.06.276
SH-USER1
Text Box
HPSTAR226-2016



C. Li et al. / Journal of Alloys and Compounds 688 (2016) 329e335330
Bi2Se3, previous studies have also shown that pressure could
significantly affected the transporting properties such as pressure-
induced superconductivity at ~11 GPa in Bi2Se3 [14]. The hydro-
static pressure effects on the electronic, optical, and photocatalytic
properties of ribbon-like Bi2S3 have been investigated by E. Zahedi
[15] using density functional theory (DFT) calculations. The theo-
retical results indicated that the photocatalytic activity of the
ribbon-like Bi2S3 decreases with increasing hydrostatic pressure.
The high-pressure crystal structure and the cation LEP activity of
Bi2S3 were investigated by L. F. Lundegaard et al. up to 10 GPa [10].
The experimental results have shown that the crystal structure of
Bi2S3 is stable during the covered pressure range. However, Efthi-
miopoulos et al. [16] observed notable changes of the axial ratios
for the Pnma phase Bi2S3 around 4e6 GPa by detailed structural and
Raman spectroscopic results, and claimed that a second-order
isostructural transition occurs in the Pnma phase Bi2S3.

Pressure could suppress the lone electron pair of Bi2S3, which
may result in the structural phase transition and the change of
electronic properties. Although there are many reports on the
structural evolutions of Bi2S3, scarce information is known about its
high-pressure transporting behavior by now. Therefore, in this
work, we report detailed experimental and theoretical studies on
the structural and transporting properties of Bi2S3 under pressure
up to 55 and 25.6 GPa, respectively.

2. Experimental and theoretical methods

2.1. High-pressure synchrotron angle dispersive XRD

In this work, Bi2S3 sample was purchased from Alfa Aesar’s
company with 99.9% purity. The high-pressure synchrotron XRD
experiment was carried out at room temperature using a sym-
metric diamond anvil cell (DAC) with 300 mm. T301 stainless steel
was served as the gasket. A 100 mm gasket hole was made by
drilling at the center of indention in the foil. The sample chamber
was filled with a mixture of Bi2S3 powder, a ruby chip, and silicone
oil as the pressure-transmitting medium. Angle dispersive XRD
(AD-XRD) patterns were obtained with a MarCCD detector at the
X17C beamline of the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (BNL), and the BL15U1 beamline of
the Shanghai Synchrotron Radiation Source (SSRF) using mono-
chromatic radiation with a wavelength of 0.4112 and 0.6199 Å,
respectively. The sample to detector distance for X17C and BL15U1
was 288.3593 and 175.8369 mm, respectively. The Fit2D software
package was used to process the data [17]. The pressures were
determined according to the fluorescence shift of ruby [18]. The
XRD patterns of Bi2S3 were analyzed with Rietveld refinement us-
ing the GSAS program package [19] with a user interface of EXPGUI
[20].

2.2. High-pressure electrical transport properties measurement

A symmetric DAC with a diamond culet size of 400 mmwas used
to apply the pressure. The high-pressure electrical resistance
measurement for Bi2S3 was performed using a four-electrode
method without pressure transmitting medium. The pressures
were determined according to the fluorescence shift of ruby [18].
Four electrodes were set up on one side of the diamond anvil. And a
T301 stainless steel gasket was put on the other side, in which a
smaller hole of 150 mm in diameter was drilled to serve as the
sample chamber. To build insulation to the electrodes, the hole in
the gasket was filled by the compacted c-BN powder and the rest
part of the gasket was covered by the insulating gel. The resistance
measuring DAC was checked by ohmmeter to make sure that it
works well before taking measurement. To implicitly observe the
different temperature effects on semiconductor and metal, the
high-temperature and high-pressure resistance measurement for
Bi2S3 was also conducted.

2.3. First-principle calculations

The calculations were performed in the framework of density
functional theory (DFT) through Vienna ab initio simulation pack-
age [21]. The Generalized gradient approximation (GGA) under
Perdew-Burke-Ernzerhof parametrization [22] was implemented
to describe the exchange correlation functionals. We used normal
valence electrons configurations for S atoms (3s23p4) and included
semicore electrons for Bi atoms (5d106s26p3). A plane-wave basis
set with 500 eV kinetic energy cut off was employed to converge
energy and optimize geometry of Bi2S3 until force acting on each
atom is less than 0.01 eV Å�1. The Brillouin zone was sampled by a
Monkhorst mesh of 8 � 4 � 8 k points using tetrahedron integra-
tion scheme. Our calculation incorporated spin-orbit coupling ef-
fects and non-collinear magnetic calculation. Those relativistic
corrections are found not negligible in metal chalcogenides like
Bi2S3 and Bi2Se3 [4]. Pressure was applied by adding pulay stress to
the diagonal elements of the stress tensor. The crystal band struc-
tures were recalculated from the optimized charge density with
sets of k-points along the high-symmetry points in the Brillouin
zone.

3. Results and discussion

3.1. High pressure angle dispersive XRD patterns of Bi2S3

In order to clarify potential structural changes at high pressure,
the in situ high pressure powder AD-XRD experiment for Bi2S3 was
carried out at room temperature with a stepwise pressure
increasing up to 30.8 GPa as shown in Fig. 1(a). At ambient condi-
tions, we found Bi2S3 crystallizes into an orthorhombic structure
(space group: Pnma). As the pressure gradually increases, the
diffraction peaks for the Pnma phase of Bi2S3 shift steadily to higher
angle, indicating the shrinking of lattices. Apart from the peak shift,
the diffraction peaks become broader and the intensity of the AD-
XRD patterns decreases above 22.0 GPa and no new diffraction
peaks emerges up to 30.8 GPa (Run 1) and 55.0 GPa (Run 2,
Fig. 1(b)). The feature of AD-XRD patterns of Bi2S3 under high
pressure was speculated undergoing a pressure-induced amorph-
ization or disorder according to the reported literature [16].
Furthermore, as a sister compound to Bi2S3, a pressure-induced
amorphization in a-Bi2O3 was discovered by Pereira et al. be-
tween 15 and 25 GPa [23]. However, the broadening andweakening
of diffraction patterns suffered from several factors such as (i) grain
size effects; (ii) the quasihydrostatic/nonhydrostatic pressure
environment; (iii) strong crystallographic distortion; (iV) structural
disorder defects or disorder/amorphization. To address the above
mentioned issues, we have also taken AD-XRD patterns during the
decompression cycle as shown in Fig. 1(b). The diffraction peaks
could be still indexed by the ambient orthorhombic phase after the
pressure was released to 1.8 GPa as shown in Fig. 1(c), indicating
that the orthorhombic Pnma phase of Bi2S3 shows the tendency of
disorder under high pressure (55.0 GPa) and could not fully recover
to parent phase after decompression from high pressure
(compression to 55.0 GPa). The Pnma phase could stably exist in our
experimental pressure range. The experimental results obtained at
BL15U1 beamline at SSRF, as shown in Fig. S1 (see Supplemental
Material for details) [24], are consistent with those collected at
X17C beamline at BNL.

The high-pressure XRD patterns of the Pnma phase Bi2S3 can be
obtained by the Rietveld refinement. The refinement result at



Fig. 1. (a) Selected AD-XRD patterns of Bi2S3 measured at room temperature and
different pressures (Run 1, up to 30.8 GPa). (b) Run 2 up to 55.0 GPa, the top pattern
corresponds to XRD patterns collected during decompression from 55.0 GPa. (c) The
comparison of XRD patterns taken in compression (1.3 GPa) and decompression
(1.8 GPa) cycles.

Fig. 2. Typical Rietveld refinement of Pnma phase of Bi2S3 at 0.6 GPa (l ¼ 0.4112 Å).
The vertical bars represent the calculated positions of the diffraction peaks of Bi2S3.
The difference between the observed (circles) and the fitted patterns (line) is shown
with a dotted green line at the bottom of the diffraction peaks. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 3. The pressure evolution of the lattice parameter ratios for the Pnma phase Bi2S3
(including the present and the literature data). The inset shows the pressure de-
pendences of the lattice parameters (a and c) of Bi2S3 (this work (solid symbol) and
Ref. [10] (open symbol)) and Sb S (Ref. [25] (open symbol)).
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0.6 GPa is shown in Fig. 2. The vertical bars represent the calculated
positions of the diffraction peaks of Bi2S3. The difference between
the observed (circles) and the fitted patterns (line) is shownwith a
dotted green line at the bottom of the diffraction peaks.
The lattice parameters for the Pnma phase of Bi2S3 are obtained

from the refined XRD patterns, which homogeneously decrease as
the pressure increases. To deeply investigate the crystal structure
variation, the pressure dependences of the lattice parameters ratios
(a/b, a/c and c/b) for Bi2S3 are shown in Fig. 3. It is interesting to note
that the axial ratio (a/c) show an inflection point around 3 GPa. This
pressure-induced turning point may give rise to the variation of
transporting properties (see transporting properties section). Lun-
degaard et al. investigated the pressure effect on the LEP of Sb2S3
2 3
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and Bi2S3 at ambient and high-pressure conditions by DFT calcu-
lations [10]. It was found that the LEP is mainly located along a-axis
at ambient pressure and the configuration of LEP becomes much
more symmetric at high pressure. The present high-pressure axial
ratio results are consistent with the configurations of LEP in Sb2S3
and Bi2S3 [10]. The pressure dependences of the lattice parameters
(a and c) for the Pnma phase of Bi2S3 and Sb2S3 are shown in the
inset of Fig. 3, which decrease as the increasing pressure for both
Bi2S3 and Sb2S3 [10,25]. While the lattice parameters a and c exhibit
cross at around 1.12 GPa for Sb2S3. The slightly longer zero-pressure
length and higher compressibility of the a-axis compared to the c-
axis result in this crossing. However, the lattice parameters a and c
in Bi2S3 doesn’t show the similar crossing in the pressure range of
0e10 GPa. The above results are also related to the configurations of
LEP in Sb2S3 and Bi2S3. The effective ionic radii of the trivalent ions
Sb3þ, Bi3þ are 0.76 and 1.03 Å, respectively [26]. Therefore, the LEP
phenomenon in Bi2S3 is not as obvious as in Sb2S3. This is in
agreement with the DFT simulation results from Ref. [10].
Fig. 4. The bonding lengths of Bi2S3 under several selected pressures ((a) 0 GPa, (b)
10 GPa and (c) 20 GPa). The numbers represent the corresponding Bi-S distances (in Å).
The bonding length between two ribbons was strongly compressed as the pressure
increasing. However, the bonding lengths in the ribbons possess minor variation under
high pressure.
The bonding lengths in Bi2S3 under several selected pressure
points are shown in Fig. 4. The bonding lengths at 0 and 10 GPa are
derived from the present lattice constants. The atomic positions
were gained fromRef. [10]. The bonding length at 20GPa is obtained
from the present experimental and DFT simulations. There are two
distinct Bi positions in the Pnma phase Bi2S3. Each Bi atom is coor-
dinated to seven S atoms and bonded to three S atoms with short
bonding distances of 2.589e2.738 Å and four S atoms with longer
distances of 2.975e3.328 Å at 0 GPa. Because the covalent radius for
S and Bi atoms is 1.05 and 1.48 Å at ambient conditions, respectively
[27], these short-bonded Bi and S build strongly bonded ribbons
perpendicular to the b-axis. The Van derWaals radius for Bi and S is
2.1 and 1.8 Å, respectively. Just the Van der Waals force exists be-
tween the longer-bonded Bi and S atoms. Therefore, there are only
weak interactions between the adjacent ribbons along the b-axis
(Fig. 4(a)). It can be seen fromFig. 4(b) and (c) that the four longer Bi-
S bondings exhibited strong shrink as the increasing pressure. The
longest Bi-S bonding shows 14% shrink up to 20 GPa. However, the
three shorter Bi-S bondings did not exhibit remarkable variation as
the increasing pressure. This is consistent with the chemical
bonding results that Bi and S are covalently bonded in the Bi4S6
ribbons. The number of short Bi-S bonding increases from 3 (0 GPa)
to 5 (20GPa) according to the present and literature results. Thiswill
affect the transportingbehaviorofBi2S3 underhighpressure (see the
subsequent transporting study section).

Table 1 summarized the bulk modulii and the corresponding
pressure derivatives for V2VI3-type compounds from literature and
the present work. The bulk modulus of Bi2S3 can be compared with
other V2VI3-type compounds. The bulk modulii for the group V
elements (As, Sb, and Bi) and the group VI elements (S, Se, and Te)
are 22, 42, 31, and 7.7, 8.3, 65 GPa, respectively [28]. From these
elemental bulk modulii, it can be seen that the V2VI3-type com-
pounds possess similar bulk modulii to their elements due to the
weak Van der Waals bonding between ribbons. Table 1 shows that
the value of bulk modulus for one compound is different from
different research groups. As has been already observed in other
materials, the use of different pressure media (which may produce
different deviatoric stresses) could affect the pressure dependence
of the unit-cell volume, thus influencing the determination of the
values of B0 and its pressure derivative B00 that has a strong cor-
relationwith the bulk modulus. Besides, it is noteworthy that using
different orders (2nd or 3rd) of EOS also affect the fitting values of
the bulk modulii and the lattice volumes at ambient pressure [29].
3.2. Transporting behavior of Bi2S3 under high pressure

We now turn to the investigation on the transporting properties
Table 1
The selected zero-pressure bulk modulus (B0), and its pressure derivative (B00) for
the typical V2VI3-type compounds by fitting Birch-Murnaghan’s equation of state
(BM-EOS). Experimental and theoretical values reported in the literature are pro-
vided for comparison.

Type of EOS Order of EOS B0 (GPa) B00 Reference

Sb2S3 BM-EOS 3rd 26.91 (14) 7.9 (1) [25]
BM-EOS 2nd 27.2 (6) 6.0 [30]

Sb2Se3 BM-EOS 3rd 30 (1) 6.1 (0.2) [31]
Sb2Te3 BM-EOS 2nd 45 (2) 4.0 [32]

2nd 54.7 4.0 [33]
Bi2S3 BM-EOS 3rd 36.6 (15) 6.4 (5) [10]

3rd 38.9 (8) 5.5 (1) [16]
3rd 37.5 (3) 4.6 This work

Bi2Se3 BM-EOS 2nd 53.1 (7) 4.0 [34,35]
3rd 53 (8) 2.9 (2) [36]

Bi2Te3 BM-EOS 3rd 36.3 (1) 5.5 (1) [37]
3rd 38.19 (0.42) 4.61 (0.16) [38]
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of Bi2S3 under high pressure. A structural or iso-structural phase
transition is often accompanied by an electronic phase transition.
The distance deceasing of the atoms in the intra-as well as in-
terlayers of Bi2S3 is expected to modulate the electronic properties,
which can be reflected by the electronic transport property mea-
surement. At ambient pressure, Bi2S3 is a semiconductor with band
gap of 1.3e1.7 eV [3e6]. The resistance�pressure relation
measured for Bi2S3 is plotted in Fig. 5. It can be seen that the
resistance appears a steep decrease of about three orders of
magnitude during the pressure range of 0e12 GPa Bi2S3 has
recently attracted more and more interests for its potential appli-
cation in thermoelectric field due to its high Seebeck coefficient and
low thermal conductivity at room temperature. However, the high
electrical resistivity is still the main reason for its low thermo-
electric property at present [39,40]. The present high pressure
resistance measurement indicated that high pressure could help to
improve the thermoelectric properties of Bi2S3. The previous
investigation showed that the electrical resistivity of Bi2S3 could be
reduced by 2e3 orders of magnitude through introducing sulfur
vacancies in the lattice [41]. It is interesting to note that this phe-
nomenon is similar with the resistivity changing of Bi2S3 under
high pressure in our present work. We know that the coordination
number (CN) of Bi increased from 3 to 5 as the pressure increasing
from our chemical bonding studies. The resistance decrease of Bi2S3
and the CN increase of Bi indicate that more electrons will partic-
ipate into the conduction process as the pressure increasing and
result in the enhancement of the density of charge carrier.

To discern the novel change of the electrical resistance more
clearly, the corresponding log(R)�P relations are plotted in the
inset (top left) of Fig. 5. The log(R)�P curve shows an inclination
around the pressure of 5 GPa. Finally, the resistance almost saturate
to their minimum values up to around 25.7 GPa. The inclination in
the log(R)�P curve around 5 GPa is claimed to correlate with the
variation of the crystal structure of Bi2S3 [16]. To determine
whether or not Bi2S3 undergoes a semiconductor�metal trans-
formation under high pressure, the temperature dependence of the
Fig. 5. Pressure dependence of the electrical resistances for Bi2S3. The upper-left inset
shows the pressure dependence of the log(R). Upper-right corner inset shows the
schematic diagram of the experimental setup for high pressure resistance measure-
ments (side view) and experimental setup image of electrical measurement under high
pressure (vertical view). The bottom-right inset shows the temperature dependence of
electrical resistance in Bi2S3 under various pressures up to 25.7 GPa. The pressure-
induced semiconductor/metal transition around 20.9 GPa is characterised by con-
trasting the temperature dependence of resistance under different pressures.
resistance was also measured for Bi2S3 at several representative
pressures (shown in the bottom right inset of Fig. 5). It can be seen
that the temperature coefficients of Bi2S3 are negative (dR/dT < 0)
below the pressure of 18.0 GPa, indicating that Bi2S3 has the
semiconductor behavior, and the absolute value of dR/dT decreases
as the pressure increasing up to 18.0 GPa. It is remarkable to note
that the resistance of Bi2S3 starts to increase as the temperature
further increasing; that is, the temperature coefficients of Bi2S3
become positive (dR/dT > 0) above 20.9 GPa, indicating that Bi2S3
has a semiconductor-metal electronic phase transition above this
pressure point. While it is interesting to note that there is no
noticeable anomalous variation for the log(R)�P curve around
20.9 GPa.We attribute this to the pressure-induced semiconductor-
metal transition in Bi2S3 resulted from the step-by-step merge of
the electronic band gap. This speculation was confirmed by the
following DFT calculation results of the band structures (see section
3.3). However, the anomalous variation of the electrical resistance
around 5 GPa is due to the second-order isostructural phase tran-
sition, at which pressure point Bi2S3 is still a semiconductor.

3.3. Theoretical simulation Bi2S3 under high pressure

As mentioned above, the high-pressure electrical resistance
measurement observed a pressure-induced semiconductor/metal
transition in Bi2S3 around 20.9 GPa without detectable crystallo-
graphic variation from the AD-XRD. It was just suggested as a
pressure-induced electronic phase transition. To address the fore-
going issues, the high-pressure electronic property of Bi2S3 was
investigated using DFT simulations. The present calculated ground-
state lattice parameters and band gap agree reasonably with the
former experimental results [10], indicating the rationality of our
selected pseudopotential and exchange-correlation function.

The electronic structure of Bi2S3 was evaluated by first-
principles calculations. Fig. 6 shows the energy band structure of
Bi2S3 along the principal high-symmetry directions in the Brillouin
zone under 0 and 33 GPa. The ambient Pnma phase processes an
indirect band gap of 1.19 eV (Fig. 6(a)). Here the value of the energy
band gap is defined as the difference between the conduction band
minimum (CBM) and the valence band maximum (VBM). The
calculated band gap value (1.19 eV) at ambient pressure is agree-
ment with the experimental value of 1.30e1.70 eV [3e6]. It predicts
that the Pnma phase Bi2S3 at ambient pressure is a semiconductor
with an indirect band gap, which is consistent with Zahedi’s
calculation results [15]. The band gap of Bi2S3 decreases as the
pressure increasing and Bi2S3 will be more appropriate for the
absorption of sun light when the decreased band gap reach at
~0.9 eV [42]. As the pressure further increasing, the valence band
and conduction band merge together at 33.0 GPa (Fig. 6(b)), indi-
cating Bi2S3 transforms into metallic state. Since the calculated
band structure is very sensitive to the size of crystal lattice [4], the
higher metallization pressure predicted from simulation is most
likely a result of thermodynamics effects.

Table 2 summarizes the crystallographic symmetry, band gap at
ambient conditions and electronic phase transition pressure for
different V2VI3-type compounds reported in the literature and
present work. From Table 2, it can be seen that the band gap de-
creases as the atomic number increasing and the merge of energy
band demanding higher pressure for lighter V2VI3-type semi-
conductor. For the V2VI3-type tellurides, it should be mentioned
that the crystallographic environment of the C2/m (six-fold) phase
As2Te3 at ambient pressure is different from the high-pressure C2/
m (seven-fold) phase Bi2Te3 and Sb2Te3. Our recent high-pressure
electrical measurement and theoretical simulation showed that
As2Te3 undergoes a pressure-induced insulator�semimetal�metal
transition [43]. Sb2Te3 possess the same crystallographic symmetry



Fig. 6. The calculated band structures of Bi2S3 under selected pressures. (a), 0 GPa, (b) 33 GPa. The Fermi energy (EF) is set to be 0 eV. The band gap merged around 33 GPa.

Table 2
The crystallographic symmetry, band gap at ambient conditions and the electronic
phase transition pressures for different V2VI3-type compounds. SC and M denote
semiconductor and metal, respectively.

Space group Eg (eV) SC / M (GPa) Reference

As2S3 P21/c 2.7a 45.0 [44]
As2Se3 P21/c 1.7a 21.0 [45]
As2Te3 C2/m 0.8a 14.9 [43]
Sb2S3 Pnma 1.7e1.8b [46]
Sb2Se3 Pnma 1.00b 3.0 [47]
Sb2Te3 R-3m 0.28b 9.5 [48]
Bi2S3 Pnma 1.30b 20.9 [This work]
Bi2Se3 R-3m 0.30b 9.7 [14]
Bi2Te3 R-3m 0.12b 9.2 [49]

a The value of band gap was referenced from Ref. [45] and reference therein.
b The value of band gap was referenced from Ref. [46] and reference therein.
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(R-3m) as that of Bi2Se3 and Bi2Te3 at ambient conditions. Both
Bi2Se3 and Bi2Te3 showed pressure-induced semiconductor /

metal transition around 9 GPa. However, the isocompounds Sb2Te3
did not follow the same pressure-induced semiconductor / metal
transition.
4. Conclusions

To summarize, we have investigated the structural stability of
Bi2S3 up to 55 GPa through the in situ high pressure AD-XRD ex-
periments. The ambient-pressure Pnma phase is stable in the pre-
sent studied pressure range. The diffraction peaks broadening
under high pressure (>30 GPa) is not resulted from pressure-
induced amorphization/disorder by the present experimental
analysis. The electric resistance measurement shows that resis-
tance decreases by three magnitudes around the pressure of 5 GPa,
which is caused by the second-order phase transition. The high-
temperature and high-pressure electrical resistance measurement
indicated that Bi2S3 experiences a semiconductor-to-metal transi-
tion around 20.9 GPa. And our energy band structure calculation
results agree well with above experimental results. The thermo-
electric development of Bi2S3 is hindered from its high electrical
resistivity. It is quite encouraging that the electrical resistivity of
Bi2S3 under high pressure could improve its thermoelectric
properties.
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