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Dichalcogenides are known to exhibit layered solid phases, at ambient and high pressures, where 2D
layers of chemically bonded formula units are held together by van der Waals forces. These materials
are of great interest for solid-state sciences and technology, along with other 2D systems such as
graphene and phosphorene. SiS2 is an archetypal model system of the most fundamental interest
within this ensemble. Recently, high pressure (GPa) phases with Si in octahedral coordination by
S have been theoretically predicted and also experimentally found to occur in this compound. At
variance with stishovite in SiO2 , which is a 3D network of SiO6 octahedra, the phases with octahedral
coordination in SiS2 are 2D layered. Very importantly, this type of semiconducting material was
theoretically predicted to exhibit continuous bandgap closing with pressure to a poor metallic state at
tens of GPa. We synthesized layered SiS2 with octahedral coordination in a diamond anvil cell at 7.5-9
GPa, by laser heating together elemental S and Si at 1300-1700 K. Indeed, Raman spectroscopy up to
64.4 GPa is compatible with continuous bandgap closing in this material with the onset of either weak
metallicity or of a narrow bandgap semiconductor state with a large density of defect-induced, intra-gap
energy levels, at about 57 GPa. Importantly, our investigation adds up to the fundamental knowledge
of layered dichalcogenides. Published by AIP Publishing. https://doi.org/10.1063/1.5011333

I. INTRODUCTION

The class of 2D materials is commonly thought to constitute one of the leading candidates toward new technologies,
which could influence practically all fields of human activity
in the near future.1 Beyond graphene, current research is now
focusing on other bi-dimensional compounds such as phosphorene and dichalcogenides. 2D materials are made of either
a single layer or a few layers of a 3D parent bulk layered solid,
such as graphite for graphene, where layers of chemically
bonded formula units are held together by van der Waals forces
and can be easily exfoliated. Dichalcogenides are a broad class
of materials exhibiting layered phases, whose structural and
transport properties can be well tuned by applied pressure.
For instance, in transition metal dichalcogenides, several high
pressure, solid-solid phase transitions have been found so far
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between layered phases, usually connected to the insulator-tosemimetal transition driven by the optical bandgap closing.2–6
Other possibilities include structural transitions which still preserve the 2D layered character, e.g., a layer sliding transition
found in MoS2 2,4,7,8 or an increase of coordination inside the
layers predicted in MoTe2 .9 At even higher pressures in the
Mbar range, the layered character may be lost and genuine
3D phases are formed instead as predicted, e.g., in MoS2 and
MoSe2 .9,10
SiS2 belongs to this important class of compounds and,
specifically, to the subclass of group IV dichalcogenides such
as CO2 , SiO2 , GeO2 , and CS2 . The sequence of phases of
silicon-disulfide observed in the range 0-6 GPa includes four
different structures, all made of SiS4 tetrahedra with increasing connectivity from 1D to 3D upon increasing pressure and
with van der Waals interaction between chains (1D connectivity) and between layers (2D connectivity).11–19 Very recently,
evolutionary search based on density functional theory (DFT)
calculations surprisingly predicted three different 2D layered
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phases in SiS2 : P3̄m1, P63 mc, and R3̄m, with silicon in octahedral coordination by sulfur, to become more stable than the
tetrahedrally coordinated phases above 4 GPa, P3̄m1 being
the most stable structure up to 100 GPa.20 In all these phases,
the SiS6 units share their edges within the layers, which in
turn interact only via van der Waals forces. The tetrahedraloctahedral switch is quite general in group IV compounds upon
compression, but there are also remarkable differences among
these systems. For instance, in SiO2 and CO2 , the coordination increase of Si and C leads to full 3D networks rather than
layers above 10 GPa and 800 GPa, respectively.21,22 Interestingly, all the three layered octahedral phases of SiS2 were
theoretically found to undergo a continuous pressure-induced
decrease of the indirect bandgap until metallization20 with no
further structural changes, a behavior that SiS2 shares with
other dichalcogenides4–7,23 and that, for this particular system, was predicted to lead to metallization at around 30 GPa,
within the Generalized Gradient Approximation (GGA) for
the exchange-correlation functional. On the other hand, since
the GGA approximation tends to underestimate the value of
the bandgap and, consequently, the pressure of metallization,
the electronic band structure calculations were repeated for
the P3̄m1 structure also using the HSE06 hybrid functional
that includes exact exchange, which is thereby a more reliable approximation in this respect.20 In this case, the bandgap
was found to be equal to about 2 eV at 10 GPa and metallization was predicted to occur at 40 GPa. At this pressure, the
gap closes by band overlap between the Γ point (top of the
valence band, with large S-character) and the K-point (bottom
of the conduction band, with large Si-character), and above this
pressure, SiS2 remains a rather poor metal with low density of
states (DOS) near the Fermi energy even at 100 GPa. Indeed,
DOS at the Fermi energy is lower than its maximum value
by one order of magnitude, still at 100 GPa. The theoretical
robustness of the P3̄m1 layered phase then also suggested possible recovery at ambient pressure, even in a single monolayer,
which in turn would be a real 2D system. In a parallel experimental investigation, the P3̄m1 phase was indeed obtained
upon compression of SiS2 above 7.4 GPa, as shown by structural refinement of the X-ray diffraction patterns, which were
measured up to 30 GPa.24 Also, Raman spectra reported up to
44 GPa at just four selected pressures exhibit only two vibrational peaks in the 270-540 cm 1 frequency range, consistent
with Raman active vibrational modes predicted by group theory for the P3̄m1 space group. On the other hand, that study
does not provide quantitative clues on pressure behavior of
the bandgap although it is reported that the sample was changing the color from white at low pressure to yellow and brown
to black at the maximum pressure. Here we present a study
on SiS2 under pressure in a diamond anvil cell (DAC), where
layered, octahedrally coordinated SiS2 was first directly synthesized by laser heating a mixture of the elements Si and S at
7.5-9 GPa and then compressed up to about 64 GPa. Accurate
determination of pressure dependence of intensity and lineshape for the Raman peaks indicates a continuous bandgap
closing finally leading, at about 57 GPa, to either metallization or a narrow bandgap semiconductor state with a large
density of defect-induced, intra-gap energy levels. Overall, our
experimental results are compatible with DFT predictions on
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pressure-induced bandgap closing of these materials although
onset pressure values differ slightly.
II. METHODS AND PROCEDURES

SiS2 is extremely hygroscopic and all contact with air
moisture must be avoided during DAC loading procedures.
At variance with previous experimental work under pressure,
where SiS2 was synthesized from the vapor of the elements
in a silicon glass tube and then transferred in the DAC with
no pressure transmitting medium (PTM),24 we synthesized the
compound in situ from the elements directly in the DAC with
argon as the PTM. Our DAC was equipped with 300 µm culet
beveled diamonds and a Re gasket with an initial hole of typically 100 µm diameter and 40 µm thickness. We then inserted
two chips of powder clusters of high purity elemental S and
Si, respectively, one on top of the other in the sample chamber
together with a ruby chip for pressure measurements based on
the ruby fluorescence method25 (Fig. 1), and argon was finally
gas-loaded at 2000 bars. The S and Si chips were of typical
lateral size of 20-30 µm, Si being slightly smaller than S. After
loading, the Si/S sample was compressed at room temperature
and the Raman spectrum was measured with pressure steps of
about 1 GPa, up to about 7.5 GPa. At the highest pressure, the
spectra showed a sharp phonon peak of crystalline Si and a
broad doublet for S–S stretching in S, which was amorphous
as a result of combined compression and green laser irradiation (Refs. 26 and 27 and references therein) (Fig. 1). We then
laser-heated the Si/S sample at the starting pressure of 7.5 GPa
up to 1300-1700 K, over an area of less than 15 × 15 µm2 ,
in order to melt together and react elemental Si and S. The
choice of this pressure for laser heating was accurately made
for at least two reasons. First, the melting temperature of Si
is close to its minimum value, near to 1000 K at 10 GPa,28
while the melting temperature of S is below 1000 K.29 Second, the octahedral SiS2 material we wish to study becomes
stable precisely at and above this pressure.20,24 After laser
heating, the sample was temperature-quenched with a final

FIG. 1. Raman spectra of the Si/S mixture under pressure, before (elemental
Si and S) and after (layered, l, octahedral, o SiS2 ) laser heating. Inset: sample
configuration. Blue and grey: diamond anvils and gasket. Yellow and black
slabs: S and Si, respectively. Horizontal arrows at the top and at the bottom
point to green and near IR laser beams used for Raman spectroscopy and for
sample heating (double side), respectively.
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pressure of about 9 GPa where layered, octahedral SiS2 was
detected over a reduced area with a lateral size of a few
microns, as indicated by the two sharp Raman peaks at around
270 cm 1 and 420 cm 1 , respectively, already assigned to
this material24 (Fig. 1). The additional weak peak at around
350 cm 1 , which rapidly disappears upon increasing pressure
(Fig. 2), is likely to be due to a metastable remnant of the
low-pressure tetrahedral phase.24 This high pressure-high temperature synthesis procedure of SiS2 has been found to be very
reproducible.
Double-sided laser heating was performed by using a
CW solid-state laser at 1064 nm with a maximum power of
40 W. The laser was split into two beams, which were then
focused on the two opposite sample sides through two 10×
near-infrared (NIR) Mitutoyo micro-objectives, respectively,
down to spots with a lateral size of a few microns. Temperature measurements based on thermal radiation spectroscopy
were conducted at both heated sides. Based on preliminary
separate laser heating tests on pure Si and S, we realized that
Si efficiently absorbed the NIR laser at our pressures, whereas
the absorption by S was rather poor. Therefore, in the case
of the Si/S mixture, it was mainly Si that was heated up by
the laser, subsequently transferring the heat to the attached
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S chip. We performed laser heating through a mesh of about
15 × 15 µm2 , step 5 µm, with a heating time of about 10 s
per point. Raman spectroscopy was then carried out on the
temperature-quenched sample by using the 532 nm line of a
frequency doubled Nd:YAG laser as the excitation source.
Backscattering geometry was used with a 20× micro-objective,
with a few microns laser spot. The signal, once filtered by
notch filters, was detected by a single Acton/SpectraPro 2500i
monochromator, equipped with a CCD detector (Princeton
Instruments, PIXIS: 400). The Raman spectral resolution was
about 1 cm 1 , and Raman diamond edge was also used to
measure pressures.30 In this study, a selected sample of layered octahedral SiS2 was compressed up to about 64 GPa and
Raman spectra were measured upon increasing pressure.
Theoretical Raman spectra of layered, octahedral SiS2
were calculated within the local-density approximation (LDA)
by the Quantum Espresso package,31 which calculates besides
phonon frequencies the non-resonant Raman intensities
using the second-order response.32 Norm-conserving PerdewZunger (LDA) pseudopotentials were employed along the
energy cutoff of 950 eV for plane wave expansion. Fine
k-point meshes of 35 × 35 × 21 were used for 3-atomic P3̄m1
unit-cells at all pressures.

FIG. 2. (a) Selection of Stokes and anti-Stokes Raman spectra of temperature-quenched, layered, octahedral SiS2 measured upon increasing pressure up to 64.4
GPa (blue lines), together with the fitting function of Eq. (1) for all peaks (red lines). Spectral intensities have been normalized by the integrated intensity of
the Stokes diamond peak. [(b) and (c)] Sub-selection of spectra for the two Stokes Raman peaks, respectively, showing the pressure-induced broadening and
asymmetry (see text). Dots: experimental spectra; red lines: fitting function of Eq. (1); blue, continuous line at 64.4 GPa: Fano line-shape fit. Spectral intensities
have been normalized by the same peak intensity and then vertically shifted for the sake of clarity.
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III. RESULTS AND DISCUSSIONS

In Fig. 2, we report a selection of Raman spectra of
temperature-quenched, layered, octahedral SiS2 measured
upon compression up to about 64.4 GPa, together with a fitting function, which we will further discuss below. The weak
and broad peaks of residual amorphous S along with a linear
background have been subtracted out in the fitting procedure.
Note the positive pressure shift and the pressure-induced line
broadening for both sharp peaks, along with a general intensity
decrease upon increasing pressure by about one (slightly less
than one) order of magnitude for the high frequency (low frequency) peak [Fig. 2, panel (a)]. We can reasonably attribute
the intensity drop to two simultaneous and independent effects,
both related to either pressure-induced approaching of metallization or transformation to a narrow bandgap semiconductor
with a large number of defect-related, intra-gap energy levels.
One effect is the increase of optical absorption and the consequent decrease of the scattering volume, which can amount to
an optical wavelength or less in the metallic or nearly metallic
state, and the other effect is the Raman cross section reduction.
This reduction, in turn, originates from the dielectric function becoming very large and complex and, as a consequence,
rather insensitive to phonon driven fluctuations. Therefore, the
Raman intensity drop is well compatible with this material
undergoing pressure-induced bandgap closing, as predicted
by DFT simulations;20 on the other hand, this phenomenon is
likely to occur within the same phase since we do not observe
changes in the number of Raman peaks. It should be noted
however that the intensity drop alone is caused by optical
absorption at 532 nm and does not therefore support the transformation to a metallic state or to a strongly defective narrow
bandgap semiconductor sufficiently. A much more stringent
proof of this type of transformations is our additional observation of pressure-induced line-shape asymmetry. Beginning at
some pressure, i.e., at about 57 GPa, both Raman peaks suddenly develop an increasing asymmetry, with a more marked
broadening on the high frequency side [Fig. 2, panels (b) and
(c)]. Several potential reasons for this pressure-induced asymmetry such as occurrence of a phase transition and sample
bridging between the diamonds can be straightforwardly ruled
out. At a phase transition, new Raman peaks should appear or,
at least, the phase transition should affect the smoothness of
the pressure shift of Raman frequencies, which was not the
case here (see Fig. 3). Then, the thickness of the SiS2 sample
was always smaller than the gasket thickness along the entire
compression run, as we checked by using white light fringes
of transmitted light along with direct observations through the
microscope, which totally ruled out the possibility of sample
bridging. Therefore, it is very reasonable to suggest a different
origin for the peak asymmetry. Indeed, we suggest that this
asymmetry can only arise if the sample is metallic or nearly
metallic because only this type of states possesses very low
frequency electron-hole pair excitations with which the optical
phonon modes can resonate and interfere. As described long
ago by Fano (see Ref. 33 and references therein), the increasing line-shape asymmetry provides a measure of the rate of
interference, which in the present case is proportional, through
Fermi’s golden rule, to the metallic or nearly metallic density

FIG. 3. Pressure shift of the two mode frequencies of layered, octahedral
SiS2 observed in this work (black circles), together with literature experimental data (blue squares)24 and calculated in this work DFT values for the
P3̄m1 phase (red circles). Second-order polynomial curves, p + qP + rP2 ,
have been fit to the experimental data points of this work (black lines), with
p = 247.1 cm 1 (391.2 cm 1 ), q = 2.829 GPa 1 cm 1 (3.542 GPa 1 cm 1 ),
and r = 1.406 × 10 2 GPa 2 cm 1 ( 2.093 × 10 2 GPa 2 cm 1 ). The values
in parenthesis are for the high frequency mode.

of states close to the Fermi level. As a proof of metallization, Fano’s line-shape asymmetry was used, for example, for
heavily doped crystalline silicon,33 germanium, and GaAs.34
In undoped crystalline silicon, germanium, and GaAs, the
Raman peak for the optical phonon has a Lorentzian lineshape, appropriate for a damped harmonic oscillator. In heavily
doped samples, instead, the line-shape turns to an asymmetrically distorted Lorentzian,33,34 similar to ours, which increases
upon increasing the level of doping, i.e., of metallicity. We first
tried to fit the very same model line-shape to the peaks of our
SiS2 material to establish the onset of transition to the metallic
or highly defective narrow bandgap semiconductor state and
then derive the pressure dependence of metallicity. Nevertheless, the quality of the fit was not entirely satisfactory [see the
blue, continuous lines in Fig. 2, panels (b) and (c) for the maximum pressure] since our line-shapes exhibit some amount
of Gaussian, i.e., inhomogeneous character. For this reason,
following the main idea of an asymmetric line-shape due to
free electrons, we empirically fit to our peaks an asymmetric
pseudo-Voigt function35
s
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−ax and x = v − v0 .
In this analytical expression, ν is the Raman shift, the
parameter m balances the homogeneous Lorentzian to the
inhomogeneous Gaussian character of the line-shape, and a
drives the asymmetry. Equation (1) was then fit to both the
Stokes and anti-Stokes peaks. Stokes and anti-Stokes components in each Stokes/anti-Stokes pair were constrained to
the same values of the fitting parameters σ0 , a, ν0 , whereas

014503-5

Wang et al.

m is the same for all peaks. The results were excellent, as
shown in Fig. 2, allowing us to discuss the pressure behavior
of frequency, intensity, and line-shape based on this procedure. It is worth stressing once again that the choice of Eq. (1)
as the asymmetric fitting function to the Raman peaks has a
pure empirical ground, although this choice was constrained
by at least two important requirements: (i) the function should
fit the peaks very well and (ii) it should mimic the asymmetry character of the true Fano’s line-shape. It is not unlikely
that other suitable asymmetric functions either based on physical models or just empirical could be found, in principle.
Indeed, weak pressure-induced metallization by band overlap offers a possible reason why a simple Fano line-shape is
not entirely appropriate in our case. Physical models aimed
to design suitable asymmetric functions should consider that
here there are two separate electronic absorption continua of
unknown relative magnitudes due to hole-like and electronlike electron-hole pairs, respectively, with which a Raman
mode can interfere. On the other hand, all potentially suitable
line-shapes are expected to capture the same essential physics,
bound to some quantitative evaluation of the asymmetry, here
driven by the a parameter, which in turn originates from the
metallic or nearly metallic density of states close to the Fermi
level.
In Fig. 3, we report pressure-induced shifts of the two
mode frequencies of layered SiS2 observed in this work,
together with literature experimental values24 and our freshly
calculated DFT values for the layered, octahedral P3̄m1 phase.
Comparison between the three different sets of data is very
good. As a whole, pressure shift of the frequencies results to
be very smooth and slightly sub-linear. Interestingly, our data
points for each one of the two modes fit to a single polynomial
line, which again confirms that neither phase transitions nor
structural changes occur over the entire investigated pressure
range, in particular at above 57 GPa. This further confirms that
the transformation to a conductive state occurs well within the
very same phase, as predicted by DFT investigations.20
In Fig. 4 (main panel), we report the integrated Raman
intensity of layered, octahedral SiS2 per unit acquisition time,
as the sum of the two peaks, both Stokes and anti-Stokes,
normalized to the integrated intensity of the Stokes diamond
peak, as a function of pressure. Data scattering is mainly due
to spatial inhomogeneity of the sample. The Raman intensity
decreases linearly over the whole 24-57 GPa pressure range
leveling off to almost constant above about 57 GPa. As anticipated above, this is most likely evidence of bandgap closing,
which increases the optical absorption, and hence scattering
volume is decreased and, simultaneously, the Raman cross
section itself is decreased upon approaching the conductive
state. Because we have no evidence of structural changes from
Raman spectra, the clear kink/crossover at about 57 GPa is
not of structural origin and must be due to the transition to the
metallic or nearly metallic state, which we then locate at about
57 GPa. Above this pressure, the weak yet still well visible
Raman peaks are consistent with a poor metal or semimetal,
characterized by a low density of states at the Fermi level.
The negligible pressure dependence of Raman intensity in the
conductive phase signals that density of states at the Fermi
level is very weakly pressure dependent, consistent with DFT
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FIG. 4. Main panel: pressure dependence of the total Raman intensity of all
the peaks of layered SiS2 , both Stokes and anti-Stokes, normalized to the
integrated intensity of the Stokes diamond peak. A linear behavior, AP+B,
has been fit to data points at pressures below 57 GPa, with A = 8.33 × 10 2
GPa 1 and B = 5.03. Above 57 GPa, Raman intensity is almost constant. Inset:
pressure dependence of the measured Stokes/anti-Stokes intensity ratio for the
high (squares) and the low (triangles) frequency Raman peaks, respectively,
together with the corresponding theoretical behaviors for non-resonant Raman
scattering (continuous lines).

findings.20 Our results also lead us to model, at least partially, the pressure dependence of the optical absorption coefficient α. Indeed, in the limit of absorption length being very
small with respect to the sample thickness, which is correct
at pressures close to metallization, α increases vs. pressure as
α = Kσ/(AP + B). In this relationship, P is the pressure, A
and B are the parameters of the linear regression for pressure
dependence of the Raman intensity (see Fig. 4), K is a constant, and σ is the Raman cross section, which also depends on
pressure. The linear fit to our data points for Raman intensity
at pressures below 57 GPa gives A = 8.33 × 10 2 GPa 1 and
B = 5.03.
In the inset of Fig. 4, we also report pressure dependence of the measured Stokes/anti-Stokes intensity ratio for the
two Raman peaks (squares and triangles), which fairly agrees
with the corresponding theoretical behavior for non-resonant
Raman scattering (continuous lines). This ratio increases as a
result of pressure hardening of both frequencies. On the other
hand, significant mismatch between the experimental and the
non-resonant theoretical behavior should be observed when
the optical bandgap approaches resonance with the laser line
(2.331 eV) upon decreasing it with rising pressure. Our results
indicate that such a resonance is still far to be achieved, which
in turn totally agrees with DFT simulations showing that the
direct bandgap is still very large (∼4 eV) when the indirect
bandgap closes, at 40 GPa.20
In Fig. 5, we finally show the pressure behavior for the
effective asymmetry parameter M of the two Raman peaks

together, which we define as M = ahf σ0hf + alf σ0lf /m,
where the parameters a, line-shape asymmetry, σ0 , and m are
those involved in Eq. (1) and hf and lf label the high-frequency
and low-frequency peaks, respectively. We found in fact that
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FIG. 5. Pressure dependence of the effective Raman line-shape asymmetry
parameter M (see text).

the effective parameter M emphasizes pressure-induced asymmetry changes better than the simple asymmetry parameter a
and can be used as a more sensitive probe for the onset of
transformation into a possible conductive state. It is then
very clear that the effective asymmetry M is consistent with
zero, within error bars, below about 57 GPa, which is what
is expected for an ideal semiconductor, and then it suddenly
increases to finite values above this pressure, consistent with a
metallic or semi-metallic state. Therefore, the pressure behavior of M points to the transition to a conductive state, whose
onset is located at about 57 GPa, which also corresponds to
the kink/crossover in the pressure behavior of Raman intensity
observed at this pressure.

IV. CONCLUSIONS

In conclusion, we discovered a procedure for synthesizing SiS2 at high pressures and temperatures. In fact, we have
synthesized layered SiS2 with Si in octahedral coordination by
S, in DACs at 7.5-9 GPa by laser heating and melting together
the elements Si and S. Raman spectroscopy has been used
for materials’ characterization, and experimental results have
been compared to new DFT data for the Raman frequencies.
The temperature-quenched SiS2 compound has been compressed up to about 64 GPa, and Raman spectra have been
measured as a function of pressure. Relevant spectral parameters obtained by accurate line-shape fitting of Raman peaks to
distorted, asymmetric pseudo-Voigt functions yield remarkable insights into the physics of this important compressed
solid. In particular, two effects are of paramount importance
here, both strongly indicative of the approaching of a conductive state upon pressure increase: (i) the pressure-induced
drop of Raman intensity, with a crossover at about 57 GPa,
and (ii) the appearance of asymmetries in the Raman peaks,
most likely related to the interference between free or nearly
free carriers and optical phonons, suddenly above this pressure. The simultaneous observation of these two effects is
suggestive of pressure-induced, continuous bandgap closing
in layered SiS2 ending up in either a metallic/semi-metallic
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state or a narrow bandgap and highly defective semiconductor state, at about 57 GPa, which in turn occurs within the
same crystalline phase, with no structural changes. Although
optical absorption/reflection and electric transport measurements are certainly required for the definitive assessment
and quantitative description of a pressure-induced conductive
state in layered SiS2 following bandgap closing, our results
are overall compatible with recent DFT predictions on electronic/optical properties on this interesting material.20 This
study adds up to the fundamental knowledge of structural
and optical properties of dichalcogenides, a class of materials often displaying 2D layered phases at ambient and high
pressures. As other layered materials, this one might also
offer interesting frictional results under high pressure shear,
should that become feasible in the future. In particular, our
study adds up to the physics of layered SiS2 , which together
with other dichalcogenides show an interesting example of
the Wilson-like transition, i.e., of a pressure-induced closing
of an indirect bandgap followed by metallization. In addition,
we open the potential to extend the notion of Raman peak
asymmetry due to doping-induced metallicity in semiconductors, already well assessed in the literature,33,34 to the field of
high pressure-induced conductive states in solids.
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