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The high-pressure characteristics including structural phase transition, vibration and electronic transport of -
In,S3 up to 43.0 GPa are determined using a diamond anvil cell (DAC) combined with AC impedance spectro-
scopy, Raman spectroscopy, atomic force microscopy (AFM) and high-resolution transmission electron micro-
scopy (HRTEM). A structural phase transition and a semiconductor-to-metal transition are observed at ~7 GPa
and ~41.2 GPa, respectively. When the pressure is released from 43.0 GPa, a single amorphous state is observed
from Raman spectroscopy. We determine that the phase transition of metallization is irreversible after decom-

pression from the pressure above 40 GPa. However, when the sample is decompressed from the pressure below
10 GPa, the phase transition is reversible. The unique properties displayed by f-In,S3 under different experi-
mental pressure ranges can be reasonably explained by its crystalline structure observable from the microscopic
observations of HRTEM and AFM images.

1. Introduction

Indium sulfide (In,S3) belongs to the A,Bs-type chalcogenides.
Indium sulfide contains polymorphic phases composed of the defect
spinel cubic a phase (Fd3m, Z = 8, S.G:227), defect spinel tetragonal f3-
phase (I4,/amd, Z = 1, S.G.:141) and layered structure trigonal y-phase
(P3m1, Z =1, S.G: 164) [1-3]. As the most stable phase of indium
sulfide at ambient conditions, the S-phase of In,S; will transform into
the a-phase with a cubic crystalline structure at temperatures higher
than 693K and then will further transform into the y-phase with a
trigonal crystalline structure above 1027 K [3]. Each individual unit cell
of B-In,S; with the deficient spinel structure (I4;/amd, Z = 16) is made
up of 80 atoms of indium and sulfur. The anionic sulfur forms the
distortedly cubic closed-spaced sublattice, in which the cationic indium
occupies the octahedral and 2/3 of the tetrahedral sites, and the rest 1/
3 of the tetrahedral sites are vacancies [3,4].

Because of the good photoconductive and photoluminescent prop-
erties, 3-In,S3 with a direct band gap of 1.9-2.9 eV [5-7] has attracted
great interest owing to its fundamental material properties, such as
crystal structure, optical properties and electronic band structure
[8-10]. High pressure is an efficient method to change and tune the
distance and interaction among atoms or molecules, and can result in
the occurrence of a structural phase transition and metallization

* Corresponding author.
E-mail address: dailidong@vip.gyig.ac.cn (L. Dai).

https://doi.org/10.1016/j.chemphys.2019.04.025

process. Previously reported studies on -In,S; at high-pressure have
mainly focused on the crystalline structural parameters and phase sta-
bility on the basis of in-situ high-pressure synchrotron X-ray diffraction
(XRD) and electrical transport measurements in a diamond anvil cell
[11-14]. Yao et al. [11] reported that a phase transition from a tetra-
gonal to cubic crystalline structure started at 7.1 GPa and was com-
pleted at 23.6 GPa for nanocrystalline $-In,S; with the grain size of
5-6 nm using silicone oil as the pressure transmitting medium. Lai et al.
[12] observed two pressure-induced phase transitions of f-In,S; at
~6.6GPa and 11.1 GPa accompanied by a new polymorph with the
structure of a cubic defect ThsP, after laser heating at the pressure of
35.6 GPa, using the pressure transmitting medium of LiF, silicone oil
and NaCl. According to previous studies reported by Li et al. [13,14], a
stable phase of -In,S; was observed up to 41.3 GPa using in-situ high-
pressure synchrotron XRD [13]; however, a drastic variation of re-
sistivity and a pressure-induced metallization of the sample were de-
tected at ~6.8 GPa using in-situ high-pressure electrical transport
measurements [14].

It has been proposed that the high-pressure vibrational character-
istic parameter variations of the Raman peak and Raman mode can be
used to extrapolate the structural phase transition, amorphization and
metallization for the A,B; compound [15,16]. The measurement of
electrical conductivity is one of the most effective methods to
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distinguish between semiconductors and metals [15-17]. Thus, further
systematic investigation of the electrical properties and Raman spec-
troscopy at high pressure is required to determine whether a pressure-
induced phase transition occurs for -In,Ss.

In the present study, to investigate the pressure-induced phase
transition and metallization of 3-In,S3, we determined the electrical and
structural properties at pressures up to 43.0 GPa using a diamond anvil
cell (DAC) in conjunction with AC impedance spectroscopy, Raman
spectroscopy, atomic force microscopy (AFM) and high-resolution
transmission electron microscopy (HRTEM). Furthermore, the corre-
sponding phase transition, metallization and amorphization of -In,S3
at high pressure are discussed in detail.

2. Experimental details

High-purity -In,S; powder (99.999%) was acquired from the Alfa-
Aesar company. A DAC with an anvil culet of 300 um was adopted to
perform the high-pressure Raman spectroscopy experiments. A ruby
single crystal with a grain size of ~5pum was used for pressure cali-
bration. Helium was used as the pressure medium to provide a hydro-
static environment, and no pressure medium was used for the non-
hydrostatic environment. The excitation laser power was typically 20
mW for collection of the Raman spectra and 0.5-40 uyW for that of the
fluorescence. Spectra were recorded in the backscattering geometry
using an argon ion laser (Spectra physics; 514.5 nm, power < 1 mW) in
the range 100-500 cm ™' with a spectral resolution of 1.0cm™'. To
avoid pressure oscillation, the DAC pressure equilibration time was 1 h
at each pressure point before spectral acquisition. To determine the
positions of the Raman modes and its uncertainty, the corresponding
Raman spectra were fitted by a Lorenz-type function using the PeakFit
software. The AFM and TEM data were obtained with a Multimode 8
mass spectrometer (Bruker) and a Tecnai G2 electron microscope (F20
S-TWIN TMP) respectively.

For the high-pressure electrical conductivity experiments, the
sample was crushed into a powder (~2pum). A T-301 stainless steel
gasket was pre-indented to a thickness of ~60 um and a 180-um hole
was drilled with a laser. A 100-um hole was drilled as an insulating
sample chamber after a mixture of boron nitride powder and epoxy was
compressed into the hole. Fig. 1 shows the cross-sectional assembly of
the DAC used in this study. The Solartron-1260 and Solartron-1296
impedance spectroscopy analyzers were used to perform AC impedance
spectroscopy measurements in the frequency range 10~ '-10” Hz. De-
tailed descriptions of the high-pressure equipment and experimental
procedures can be found elsewhere [15-17].

3. Results and discussion
The Raman scattering experiment is widely applied to efficiently

explore the high-pressure phase stability and vibrational information
[15,16]. In Fig. 2, the Raman spectra of f-In,S; obtained at room
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temperature up to ~43.0 GPa under non-hydrostatic environment are
shown. Nine typical Raman vibration modes of -In,S; were observed at
ambient pressures, which are consistent with previously reported ex-
perimental results [18-21]. According to the research of Lutz et al.
[21], all of these representative peaks at 113, 135, 162, 178, and
326 cm ™ for B-In,S; can be ascribed to the F,g mode, and the peaks at
265 and 366 cm ~ ! were assigned to the E, and A, modes, respectively.
All of the Ay, Eg and F,g modes can be attributed as characteristic vi-
brations of the spinel structure [21]. The Raman spectrum of -In,Ss is
characterized by the presence of two strong peaks at approximately 246
and 306 cm ™!, where the peak at 246 cm ™! corresponds to the sym-
metric stretching vibration of InSg octahedral and the peak at 306 cm ™!
corresponds to the symmetric stretching vibration of InS, tetrahedral
[19]. Under the non-hydrostatic environment, all of the obtained
Raman modes were continuously slightly shifted towards higher fre-
quencies with increasing pressure. When the pressure was increased up
to 6.8 GPa, some remarkable variations were detected in the Raman
spectrum of 3-In,Ss. All of the typical Raman vibration modes of 3-In,S3
disappeared except for the characteristic Raman mode of f-In,S; with
the peak at 306 cm ™%, and at the same time, three new Raman modes
appeared at the pressure of 6.8 GPa (the peaks at 126, 237 and
373 cm ™ 1). All of these new Raman modes shifted to higher frequencies
with increasing pressure, and then disappeared at higher pressure
(above 9.8 GPa for the Raman modes with peak positions of 237 and
373 cm ™, above 23.8 GPa for the Raman mode with a peak position of
126 cm ™ 1). All of the varied characteristics in the Raman spectrum of -
In,S; at ~7 GPa may be concerned with the structural phase transition
that has been reported previously. As for the Raman modes that dis-
appeared at higher pressure, these may be related to the pronounced
broadening trend of the Raman modes with increasing pressure, which
has also been observed for other A,Bs-type structural chalcogenides
under high pressure [15,22]. When the pressure was enhanced up to
43.0 GPa, the Raman modes exhibited pronounced broadening, to result
in only one characteristic Raman mode. These remarkable variations in
the Raman spectra of $-In,S; above ~7 GPa indicated that this com-
pound may undergo a pressure-induced phase transition. Upon further
decompression from 43.0 GPa, a single amorphous state was observed,
which is consistent with the high-pressure synchrotron X-ray diffraction
results reported by Lai et al. [12]. However, the recovered sample
showed an excellent crystalline phase upon decompression from a re-
latively lower pressure (~7.8 GPa).

The variations of the experimental Raman-active mode frequencies
of B-In,S; with increasing pressure under non-hydrostatic environment
are shown in Fig. 2(b). All of these obtained Raman modes at ambient
pressure exhibited a simple monotonic linear relationship with the
pressure under our experimental conditions. The obtained fitting results
and the pressure coefficients are summarized in Table 1 using the
equationw(P) = wy + aP. In the progress of compression, all of the
observed Raman modes could be divided into two intervals: below
~7.0 GPa and above ~7.0 GPa. We acquired nine relatively small dw/
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Fig. 1. Experimental assemblage for high-pressure electrical conductivity measurement for -In,Ss. (a) Configuration of plate electrodes integrated between two
symmetric diamond anvils. (b) Cross section of the DAC used for impedance spectroscopy measurement at high pressure.
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Fig. 2. Raman spectroscopic results of 3-In,S3 at high pressure under non-hydrostatic environment. (a) Raman spectra at each selected pressure (A. = 514 nm and
T = 300K). (b) Linear relationship between Raman shift of f-In,Szand pressure. Errors in both frequency and pressure are within the size of symbol.

Table 1

Pressure dependence of the Raman shift for 3-In,S; under nonhyd-rostatic and
hydrostatic environments. The peaks at the peaks at 126, 237 and 373 cm ™~ are
the new Raman modes appeared at ~ 7.0 GPa.

Pressure condition w(P)(cm™!)  dw/dP(cm”'GPa~ 1Y) dw/dP(cm~'GPa™ 1)
<7.0Ga > 7.0 GPa

Nonhydrostatic 113 0.07 -
126 - 2.43
135 0.10 -
162 0.19 -
178 0.92 -
237 - 1.80
246 0.64 -
265 1.47 -
306 0.60 3.11
326 1.14 -
366 0.98 -
373 - 1.42

Hydrostatic 113 0.08 -
126 - 2.48
135 0.10 -
162 0.01 -
178 0.24 -
237 - 2.05
246 0.33 -
265 0.32 -
306 0.29 3.06
326 0.55 -
366 0.56 -
373 - 1.85

9P (between 0.07 and 0.47 cm ™~ GPa ™ !) values below ~ 7.0 GPa, while
four relatively large Ow/0P values (between 1.80 and
3.11 cm ! GPa™!) were disclosed above ~7.0 GPa. The shortening of
the bond distance is known to cause a Raman frequency increase, while
the enlargement of the equilibrium angle is known to lead to a decrease
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in Raman frequency. All of the positive dw/0P values indicated a
pressure-induced contraction for the distance of atoms in f3-In,S3 in the
progress of compression.

Previous studies concerning the pressure-induced phase transition
of B-In,S3 at room temperature are inconsistent [11-14]. For example,
Yao et al. [11] reported that a pressure-induced tetragonal to cubic
phase transitions started at 7.1 GPa and was completed at 23.6 GPa for
B-In,Ss. Lai et al. [12] observed two pressure-induced phase transitions
at ~6.6 GPa and 11.1 GPa. However, according to the previous study
reported by Li et al. [13], a stable phase of 3-In,S3; was detected up to
41.3 GPa. For a comprehensive consideration of the previously reported
results by Yao et al. [11] and Lai et al. [12], the phase transition of j-
In,S; was detected by the variations in the synchrotron X-ray diffrac-
tion pattern. However, the observed changes from the synchrotron X-
ray diffraction experiments reported by Li et al. [13] were too weak to
cause the occurrence of a phase transition. To explore the potential
deviatoric stress effect, we also measured the Raman spectra of $-In,S3
under hydrostatic environment. As shown in Fig. 3, both the Raman
spectra and the Raman mode frequency evolution against pressure re-
veal the presence of a high-pressure phase for 3-In,S3; above ~7.0 GPa.
Additionally, the dw/0P values under hydrostatic environment dis-
closed in Table I also provided evidence for the structural phase tran-
sition. Similar as in non-hydrostaticity environment, the Raman spec-
trum returned to its original state when the pressure was released to
ambient conditions from 8.6 GPa in hydrostatic environment.

To further verify the structural phase transition and determine the
potential metallization of f-In,S; under high pressure, the pressure-
induced electrical conductivity measurements were conducted up to
~42.0 GPa at room temperature. Fig. 4(a)-(c) show the representative
Nyquist plots of the impedance spectra of 3-In,S; under high pressure.
The ZView software was adopted for equivalent circuit fitting of the
plots. All the measured impedance spectra displayed a semicircle cen-
tered on the real axis (Z') in the high frequency range and an oblique
small low-frequency tail. The semicircular arc in the high-frequency
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Fig. 3. Raman spectroscopic results of -In,S; at high pressure under hydrostatic environment. (a) Raman spectra at each selected pressure (A = 514 nm and
T = 300K). (b) Linear relationship between Raman shift of -In,Sszand pressure. Errors in both frequency and pressure are within the size of symbol.

represented the bulk conduction of the sample, whereas the oblique tail
in the low frequency range was characteristic of the grain boundary and
was not reflected in the intrinsic electrical properties of the sample
[23,24]. Both the grain boundary and grain interior resistance gradu-
ally increased with the increasing pressure below 7.5 GPa. After that,
they showed a remarkable decreasing trend. When the pressure was
increased to 26.2 GPa, only one impedance arc of the grain interior was
observed in the fourth quadrant. This meant that some redundant
connected electric charges arose in the sample, which was perhaps re-
lated to the pressure-induced spontaneous electrical polarization of the
sample [25]. In this work, particular attention was focused on the
varied contribution of the grain interior related to the pressure-induced
structural phase transitions and metallization.

The electrical conductivity of the sample can be obtained as follows:

» (3
Ry\A (€H)

where A and [ refer to the electrode area and the distance between
the two electrodes, respectively. The pressure-dependent logarithm of
the electrical conductivity of $-In,S5 in the process of compression and
decompression at room temperature is shown in Fig. 4(d). A most ob-
vious pressure-related effect was observed at ~7 GPa, where the
electrical conductivity of 3-In,S; underwent a reversal in the pressure
dependence. The electrical conductivity of -In,S; decreases gradually
from ambient pressure to ~7 GPa, and showed a dramatically different
increasing trend above ~7 GPa. When the pressure was increased
above ~ 35 GPa, the electrical conductivity of S-In,S3 remained stable
with a relatively large value, which may have been indicative of me-
tallization. Furthermore, the high electrical conductivity was main-
tained for an extended period when the pressure was released to at-
mospheric pressure. Although some inconsistences exist on the
structural phase transition of 8-In,S; at high pressure and room tem-
perature from previous studies [11-14], the sudden change of the
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electrical conductivity for 3-In,S3 at ~7.0 GPa could be attributed to a
pressure-induced structural phase transition. In addition, a relatively
low electrical conductivity value for B-In,S; before and after the
structural phase transition at ~7.0 GPa still maintained the a typical
semiconductor characteristics, which is contrary to the previously ac-
quired results from electrical transport reported by Li et al. [14].

A series of temperature-dependent conductivity measurements were
carried out to determine whether f3-In,S3; undergoes pressure-induced
irreversible metallization. The obtained results for 3-In,S; were found
to be well fitted by the Arrhenius equation. Below 41.2 GPa, a positive
relationship between the electrical conductivity of f-In,S; and the
temperature was obtained, which disclosed a typical semiconductor
behavior. $-In,S; then showed a negative relationship with the tem-
perature when the pressure was increased to 41.2 GPa. Free electrons
are known to play an important role in the conduction process in me-
tals. The improved scattering effect on free electrons induced by vi-
bration of the crystal lattice, by increasing temperature will reduces the
electrical conductivity. Therefore, all of these results clearly revealed
that B-In,S3 suffers pressure-induced metallization at 41.2 GPa. In ad-
dition, it can be seen from Fig. 5(b) that -In,S; also exhibited typical
metallic behavior after decompression to ambient pressure, which is
also consistent with our previously reported results for Sb,S3 [15]. At a
selected pressure, the activation energy of the sample can be obtained
by

o = gpexp(—E/ky,T) 2

where 0, denotes the pre-exponential factor (S m™!), E, denotes the
activation energy (eV), k;, denotes the Boltzmann constant, and T de-
notes the absolute temperature (K). The E; value can be determined by a
linear fitting of the logarithmic conductivity as a function of 1000/T.
The pressure dependence of the activation energy for f-In,Ss is shown
in Fig. 5(c). The activation energy reflects the contributions to the
mobile carriers from the effective defect energy level in the bandgap.
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Fig. 4. (a)-(c) The representative Nyquist plots of impedance spectra for 3-In,S; at different pressures. (d) The relationship between the electrical conductivity of f3-

In,S; and pressure in the process of compression and decompression.

The activation energy reduced with increasing pressure, which in-
dicated that electrical transport of carriers became easier and the
bandgap narrowed. The E, value approached zero at the pressure of
~41.0 GPa, which meant a closing of the bandgap and appearance of
the obvious metallization behavior i-n §-In,Ss.

To further explore the influence of the pressure, some observations
on the surface topography and microscopic structure of the recovered -
In,S; were conducted through HRTEM and AFM. The typical images
from the HRTEM and AFM results are shown in Fig. 6. From the image
of HRTEM, we determined that the f-In,S3 layers had a distance of
~0.61 nm for the initial sample (Fig. 6(a)). The sample displayed a
good preserved crystalline structure with a ~0.58 nm interlayer spa-
cing upon decompression from 8.5GPa (Fig. 6(b)). However, the
structure was mostly disordered from the HTEM image of the sample
decompressed from 44.3 GPa, and an amorphous state with an inter-
layer spacing of ~0.23 nm in the residual layered structure was also
observed (Fig. 6(c)). Furthermore, the representative cross-sectional
selected-area electron diffraction pattern of the recovered sample also
revealed the crystalline and amorphous state of -In,S; upon decom-
pression from 8.5 and 44.3 GPa, respectively. Fig. 6(d) and (e) displays
the AFM images of the initial and recovered samples upon decom-
pression from 8.5GPa. There was no significant difference in the
morphology of these two samples taking account of the size and space
distribution of crystalline clusters, where both of them showed the
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available clusters of the crystalline shape clearly. As for the sample
upon decompression from 44.3 GPa shown in Fig. 6(f), the surface
morphology of f-In,S; was completely destroyed, became lumpy and
was significantly compacted. The diverse phenomenon caused by var-
ious pressures is consistent with our measured electrical conductivity
and Raman spectroscopy results.

4. Conclusions

We have found that the phase transition and metallization of -In,S3
occur at approximately 7.0 and 41.2 GPa, respectively. The results were
obtained by a combination of experimental methods using DAC, in-
cluding high-pressure Raman spectroscopy, temperature-dependent
conductivity measurements, AFM and HRTEM. The structural phase
transition at ~7.0 GPa manifests as noticeable changes in the Raman-
active modes and the variation in slope of the conductivity.
Furthermore, an irreversible semiconductor-to-metal transition occurs
at ~42.5 GPa, which was determined by temperature-dependent con-
ductivity measurements. The HRTEM and AFM images of the recovered
sample upon decompression from 44.3 GPa confirm that f-In,S; be-
comes an amorphous state with a permanent reduction in interlayer
spacing of the residual layered structure. However, a reversible phe-
nomenon of -In,S; is observed by virtue of the HRTEM, AFM images
and Raman results when the pressure is released from below 10 GPa.
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(c) The relationship between the activation energy of -In,S3 and pressure.
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Fig. 6. (a) HRTEM images of -In,S3 at ambient condition. (b) and (c) HRTEM images of the recovered sample decompression upon from 8.5 GPa and 44.3 GPa,
respectively. Inset: the right one is cross-sectional selected-area electron diffraction patterns by HRTEM for the §-In,Ss. Scale bars are 10 nm. (d) AFM image of f3-
In,S3 at ambient condition. (e) and (f) Pressure-induced morphology of decompressed -In,S; from 8.5 and 44.3 GPa, respectively.
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