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A B S T R A C T   

High-pressure Raman spectroscopic experiments were conducted in a diamond anvil cell to investigate the 
pressure response of the phonon modes of SnSxSe2-x (x = 0.6, 0.8, 1) tin dichalcogenide alloys up to 8 GPa. Owing 
to the two-mode behavior of the Eg and A1g modes in these ternary alloys, up to four Raman bands are observed 
at ambient conditions and the frequency evolution of three of them {Eg(SnSe2-like), A1g(SnSe2-like) and 
A1g(SnS2-like)} is followed with pressure. With increasing pressure, all the Raman bands shift quasi-linearly and 
reversibly to higher frequencies, reflecting the bond stiffening due to the volume reduction and the absence of 
any phase transition. Despite the stronger intralayer covalent bonding compared to the much weaker interlayer 
van der Waals interactions along the c-axis, the in-plane Eg(SnSe2-like) mode has larger pressure coefficient than 
those of the two stronger in intensity A1g modes along the c-axis. The pressure coefficient of the A1g(SnS2-like) 
mode gradually increases from 3.60 to 3.93 cm− 1GPa− 1 with increasing sulfur content (x). On the other hand, the 
pressure coefficient of the A1g(SnSe2-like) mode decreases from 3.08 to 2.72 cm− 1GPa− 1 with increasing x. The 
extracted Grüneisen parameters of all the A1g Raman peaks indicate the stronger Sn–S interaction along the c-axis 
compared to that of Sn–Se.   

1. Introduction 

Tin-selenides (SnxSey) and tin-sulfides (SnxSy) have attracted great 
attention in recent years due to their important physicochemical, opti
cal, and thermal properties, emerging as potential candidates for a 
plethora of practical and novel applications [1–3]. These compounds are 
a combination of a post-transition metal (Sn) and a chalcogen (S/Se) 
atom and, taking into account the natural abundance of the constituent 
elements, they are most importantly low-cost, non-toxic and 
eco-friendly materials. Varying compositions of tin-based chalcogenides 
are promising for the future of intelligent nanoelectronics, offering 
adaptable chemical behavior for the fabrication of alloys, hetero
structures, composites and hybrids [4]. Other commercial applications 
include solar cells, photodetectors, field effect transistors (FETs), flex
ible sensors, and even antimicrobial nanostructures, owing much to 
their strong anisotropic properties and thickness-dependent responsivity 
[5–9]. 

Widely studied compounds belonging to the tin chalcogenide family 

are the SnS2 and SnSe2 dichalcogenides, being analogous to the transi
tion metal dichalcogenides (TMDs) [10,11]. These compounds are 
layered semiconductors, where in each layer, the Sn atoms are octahe
drally coordinated to the chalcogen atoms, with comparable lattice 
constants [12–14]. At ambient conditions, they commonly crystallize in 
the P3m1 (D3

3d) space group with a hexagonal close-packed CdI2-type 
structure. They also present different polytypes, depending on the 
preparation and growth methods, according to the stacking order of the 
layers [15–20]. In this system, strong covalent intralayer bonds are 
formed within X-Sn-X (X = S, Se) layers that are stacked through weak 
interlayer van der Waals interactions [10]. Therefore, the individual tin 
dichalcogenide layers can be quite easily isolated by mechanical exfo
liation and thus, can serve as two dimensional (2D) building blocks for 
the construction of novel versatile nanostructures [21]. Both SnSe2 and 
SnS2 possess indirect energy bandgaps of ~1.3 and ~2.2 eV, respec
tively, while, being isostructural compounds, the formation of tin 
dichalcogenide alloys with compositions SnSxSe2-x (0 < x < 2) and 
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tunable bandgap is feasible [22]. Such alloys are suitable for applica
tions where high, application-specific optical transmittance or absor
bance is required, while they also display adequate piezoelectric 
properties and catalytic activities that are necessary for the design of 
functional optoelectronic devices [23–27]. For example, it has been 
recently reported that SnSxSe2-x phototransistors exhibit high photo
responsivity with ultra-high photogain, fast response time and specific 
detectivity [27]. Moreover, an optical modulator based on tin dichal
cogenide alloy nanosheets was successfully incorporated as a saturable 
absorber into a stable passively Q-switched fiber laser, taking advantage 
of the optical nonlinearity of SnSxSe2-x and revealing the potential of this 
system in ultrafast photonics [28]. 

Tin-based chalcogenides undergo significant changes in their struc
tural and electronic properties upon pressure application and/or as a 
function of temperature, hosting new superconducting, charge density 
wave (CDW) or topologically non-trivial phases [29–32]. However, 
although the binary SnS2 and SnSe2 tin dichalcogenides have been 
extensively investigated so far, their structural stability and optical 
properties under high pressure remain still quite unclear. More specif
ically, early experimental and theoretical studies of the optical proper
ties and the band structure of 2H–SnS2 and 4H–SnS2 polytypes at 77 K 
and 273 K and as a function of hydrostatic pressure were reported by M. 
J. Powell et al., demonstrating their anisotropic nature and the closing of 
their bandgaps with pressure that strongly depends on the polytype 
structure and temperature [33,34]. M. Filsø et al. investigated the effect 
of high pressure on the structural and electronic properties of 2H SnS2 

single crystals (P3m1 space group) up to 20 GPa by joint high-pressure 
single-crystal X-ray diffraction (XRD) and Density-functional theory 
(DFT) studies. They reported that the layered structure of the material 
compresses anisotropically over the whole pressure range, where the 
compression in the c-direction stems solely from the decrease in the 
interlayer distances, with no structural or semiconductor to semimetal 
transition up to 20 GPa, despite the continuous reduction of the 
bandgap, suggesting its complete closure at 33 GPa [35]. Z.V. Borges 
et al. investigated the structural properties of nanostructured SnSe2 for 
pressures up to 25.8 GPa and they reported an irreversible phase 
emerging between 7 and 9 GPa, which is compatible with the ortho
rhombic TiS2 cotunnite-type structure [36]. On the other hand, S.V. 
Bhatt et al. studied the Raman spectrum of SnS2 and SnSe2 single crystals 
at high pressures up to 20 GPa and low temperatures down to 80 K and 
no phase transition was observed [37]. However, A.N. Utyuzh et al. 
found, also by means of high-pressure Raman spectroscopy, a structural 
phase transition of 2H–SnS2 at 3 GPa [38]. G.P. Kafle et al. theoretically 
predicted a pressure-induced semiconductor-to-metal transition at 6 
GPa and 20 GPa for SnSe2 and SnS2, respectively [29]. Furthermore, K. 
Nguyen-Cong et al. predicted that P3m1 SnSe2 is structurally stable up to 
18 GPa, becoming metallic at 8 GPa. Above 18 GPa, it becomes ther
modynamically metastable and eventually dynamically unstable, 
decomposing to Sn3Se4 and Se [39]. In addition, J. Ying et al. indicated a 
pressure induced periodic lattice distortion (PLD) for SnSe2 and the 
formation of a (1/3,1/3,0)-type superlattice above 17 GPa due to the 
combined effect of strong Fermi surface nesting and electron-phonon 
coupling [32]. Towards this direction, X. Zhang et al. have shown a 
pressure-induced coupled structural-electronic transition for the sister 
compound SnS2 at 30.2 GPa under non-hydrostatic conditions; the phase 
transition is delayed by 3 GPa under hydrostatic conditions [40]. 
Nevertheless, Y. Shi et al. reported the structural stability of 4H–SnS2 up 
to 56 GPa [41]. 

Contrary to the plethora of existing literature reports for the binary 
SnS2 and SnSe2 compounds exemplified above, the high-pressure 
response of ternary tin dichalcogenide alloys remains rather unex
plored and most of the studies focus on their composition-dependent 
structural, thermal, vibrational, and optical properties at atmospheric 
pressure [42–46]. In this work, the structural stability and the pressure 
response of the phonon modes of ternary SnSxSe2-x (x = 0.6, 0.8, 1) 

alloys upon hydrostatic pressure application up to 8 GPa are examined 
by means of Raman spectroscopy. 

2. Experimental 

The layered SnSxSe2-x (x = 0–2) crystals were synthesized by the 
vertical Bridgman technique and crystallize in an almost hexagonal 
lattice with space group P3m1 (D3

3d), as detailed elsewhere [47]. Raman 
spectra of the SnSxSe2-x crystals were recorded in the backscattering 
geometry using a microscope-equipped single stage spectrometer (Lab
RAM HR, HORIBA) with a Peltier-cooled charge-coupled device (CCD) 
detector. For excitation, the 515 nm line of a diode-pumped solid-state 
laser (Fandango, COBOLT) was focused on the sample by means of a 
50× super long working distance objective, while the laser power was 
kept below 0.3 mW on the focusing spot of ~2 μm in diameter, in order 
to eliminate any laser-heating effects. By using the 1800 gr/mm grating 
and a confocal pinhole of 50 μm, the spectral width of the system was 
~1 cm− 1, while the Raman frequency was calibrated prior to every 
spectrum accumulation by means of a Ne lamp. High pressure, up to 8 
GPa, was generated by a gas membrane type diamond anvil cell (DAC, 
Almax-easyLab) and calibrated using the ruby fluorescence method 
[48]. The 4:1 methanol-ethanol mixture was used as the pressure 
transmitting medium (PTM), which ensures good hydrostatic behavior 
in the whole pressure range investigated in the present experiments 
[49]. 

3. Results and discussion 

The Raman spectra at ambient conditions of the ternary SnSxSe2-x (x 
= 0.6, 0.8, 1) alloys, along with those of the binary SnS2 and SnSe2 tin 
dichalcogenides are illustrated in Fig. 1. The frequency and the relative 
intensity of the observed Raman peaks are in good agreement with those 
observed in the literature [44–46,50]. In the case of the binary tin 
dichalcogenides in the 2H polytype (P3m1 space group), the unit cell 
contains three atoms that lead to nine normal modes of vibration, three 
doubly degenerate E modes (the atomic motions are parallel to the 
layer) and three non-degenerate A modes (the atomic motions are 
perpendicular to the layer). At the center of the Brillouin zone (Γ point) 
the irreducible representations are: Γ = A1g + Eg + 2A2u + 2Eu. The 
acoustic modes are of A2u and Eu symmetry, while from the remaining 
six optical modes, those of A1g + Eg symmetry are Raman-active and 

Fig. 1. Raman spectra of the ternary SnSxSe2-x (x = 0.6, 0.8, 1) alloys at 
ambient conditions, along with those of the binary SnS2 and SnSe2. The fre
quency region around 200 cm− 1 in the SnS2 spectrum was multiplied by a factor 
of 20 for clarity. 
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those of A2u + Eu are infrared-active [46,50]. In the Raman-active 
modes, the Sn atom of the intermediate sandwiched sheet out of the 
three comprising each SnX2 (X = S, Se) layer of the structure remains 
stationary because it is located at the center of inversion, while the two 
chalcogen atoms (S/Se) vibrate anti-phase [37,38,50]. As it can be 
inferred from Fig. 1, SnSe2 exhibits a strong peak at ~185 cm− 1, cor
responding to the out-of-plane A1g mode, and a weaker one at ~111 
cm− 1, attributed to the in-plane Eg mode. In the case of SnS2, the A1g 
mode appears at ~314 cm− 1, while the Raman peak corresponding to 
the Eg mode is much weaker. To improve visibility in the corresponding 
spectrum of Fig. 1, the frequency region around 200 cm− 1 (where the Eg 
mode of 2H–SnS2 is expected) was multiplied by a factor of 20. In 
accordance with the literature, the weak peak at ~201 cm− 1 could be 
assigned to the Eg mode of the 2H polytype [46,50]. However, the 
presence of the two additional peaks on either side of this peak is a 
strong indication for the inclusion of other polytypes, like 4H or 18R, in 
the SnS2 sample [51,52]. Note that the large separation between the 
Raman mode frequencies in SnSe2 and SnS2 comes mostly from the large 
ratio of the Se and S atomic masses (~2.46) [45]. 

In the case of the ternary tin dichalcogenide alloys, the broad and 
asymmetric line shape of the peaks appearing in their Raman spectra 
(Fig. 1) can be attributed to the random S and Se distribution [22,45,53]. 
In these dichalcogenide alloys, the Eg and A1g modes exhibit two-mode 
behavior [44–46], stemming from the clear separation between the 
corresponding phonon dispersion curves of the binary SnSe2 and SnS2 
compounds [45]. Therefore, up to four bands appear in the Raman 
spectrum of the studied SnS0.6Se1.4, SnS0.8Se1.2 and SnSSe alloys, and are 
attributed, taking into account the existing literature [45,46], to the 
Eg(SnSe2-like), Eg(SnS2-like, shoulder), A1g(SnSe2-like) and 
A1g(SnS2-like) modes as shown in Fig. 1. In accordance with this 
assignment, with increasing S content (x) in the SnSxSe2-x series, the 
Eg(SnS2-like) and the A1g(SnS2-like) bands gradually gain in intensity at 
the expense of the Eg(SnSe2-like) and the A1g(SnSe2-like) Raman bands. 
At the same time, the frequencies of all the observed Raman bands 
exhibit moderate blueshifts in going from SnSe2 to SnS2, as clearly 
depicted in Fig. 2, where the peak positions of the Eg and A1g modes in 
the studied SnSxSe2-x (x = 0–2) dichalcogenides are plotted as a function 
of x. However, the observed frequency evolution with x cannot be solely 
explained by the difference in the Se and S atomic masses in the ternary 
alloys, and the local strain of the trigonal Sn3Se and Sn3S pyramids of 
their crystal structure should be also considered. Namely, the compar
ison of the SnSxSe2-x (x = 0–2) lattice constants reported by V.G. Hadjiev 

et al. [45], gives a gradual decrease of both a and c lattice constants in 
going from SnSe2 to SnS2. Thus, in the mixed crystals, the Sn3Se pyra
mids experience local compressive strain, while the Sn3S pyramids are 
subjected to tensile strain. This difference can partially explain the 
experimentally observed frequency dependence of the various Raman 
bands as a function of the S content [45]. 

Raman spectra of the studied ternary SnSxSe2-x (x = 0.6, 0.8, 1) alloys 
at various pressures recorded upon pressure increase are illustrated in 
Fig. 3. With increasing pressure, all the Raman peaks shift mono
tonically to higher frequencies, as usually expected due to the volume 
reduction and the concomitant bond strengthening, without any 
considerable change in the overall spectrum profile for each alloy up to 
the highest pressures attained in our experiments (6.3–7.8 GPa). The 
only exception is the continuous reduction of the relative intensity of the 
lowest frequency, weak Raman band assigned to the Eg(SnSe2-like) 
mode, compatible with its different symmetry from the other two well- 
resolved bands attributed to the A1g modes (SnSe2-like and SnS2-like). 
For all the studied compounds, these relative intensity changes are 
reversible upon pressure release and the spectra recorded before and 
after the corresponding pressure cycle are almost identical. 

The frequency evolution of the three well-resolved Raman peaks 
{Eg(SnSe2-like), A1g(SnSe2-like) and A1g(SnS2-like)} with pressure was 
followed and the corresponding data for SnS0.6Se1.4, SnS0.8Se1.2 and 
SnSSe are presented in Fig. 4. The pressure dependence of all frequencies 
is quasi-linear and fully reversible with decreasing pressure (solid 
symbols in Fig. 4), excluding the occurrence of any pressure-induced 
phase transition in the ternary tin dichalcogenide alloys in the pres
sure range investigated. This is in line with the high pressure Raman 
studies of the A1g mode frequencies in binary SnSe2 and SnS2 by S.V. 
Bhatt et al. [37] and SnS2 by X. Zhang et al. [40], where there were no 
alterations in their linear pressure-induced hardening up to 20 GPa or 
30 GPa, respectively, and in contrast to the earlier work by A.N. Utyuzh 
et al. [38], where a reduction of the pressure coefficient of the A1g mode 
frequency in SnS2 has been observed for P > 3 GPa and attributed to a 
pressure-induced structural transition. 

Linear least-square fits of the frequency vs pressure data yield the 
pressure coefficient values included also in Fig. 4. From these values, it is 
evident that in all the studied alloys the pressure coefficient of the 
Eg(SnSe2-like) mode frequency is larger than those for the two A1g 
symmetry modes, ranging from 4.75 to 5.32 cm− 1GPa− 1. This finding is 
somehow in contrast with the in-plane character of the Eg mode 
compared to the A1g mode vibration along the c-axis, considering the 
strong intralayer covalent bonding and the weak van der Waals in
teractions between the SnX2 (X = S, Se) layers. However, the results of 
the present work are in accordance with those of X. Zhang et al. for the 
binary SnS2, where the pressure coefficient for the Eg frequency was 
found to be 5.68 (non-hydrostatic) or 4.90 cm− 1GPa− 1 (hydrostatic 
conditions), while that of the A1g frequency 3.31 (non-hydrostatic) or 
3.25 cm− 1GPa− 1 (hydrostatic conditions) [40]. Moreover, J. Ying et al. 
reported high pressure Raman data for the Eg and the A1g mode fre
quency in SnSe2 [32]. Although they do not provide the corresponding 
pressure coefficient values for a direct comparison, from Fig. 3(b) of 
their work, illustrating the frequency dependence of the Eg and the A1g 
modes of SnSe2 as a function of pressure, it is evident that the hardening 
with increasing pressure of the Eg mode frequency is also faster 
compared to that of the A1g mode. As for the pressure coefficient of the 
A1g(SnS2-like) mode frequency in the studied SnSxSe2-x alloys, it in
creases gradually from 3.60 to 3.93 cm− 1GPa− 1 with increasing S con
tent, x. These values lie in the low part of the 3.3–5.2 cm− 1GPa− 1 range 
reported in the literature for the binary SnS2 [37,38,40,51]. On the other 
hand, the pressure coefficient of the A1g(SnSe2-like) mode frequency 
gradually decreases from 3.08 to 2.72 cm− 1GPa− 1 with increasing x, 
being quite larger than that reported for the binary SnSe2 (1.9 
cm− 1GPa− 1) [37], though smaller than those for SnS2. These findings are 
compatible with the assignment of the two A1g Raman bands in the 
ternary alloys. 

Fig. 2. The frequencies of the Eg and A1g Raman peaks of the SnSxSe2-x (x =
0–2) dichalcogenides at ambient conditions as a function of the S content, x. 
Lines through the experimental data are guides to the eye. 
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The mode Grüneisen parameters, γi = (B/ωi)(∂ω/∂P)i, where B is the 
bulk modulus of the material and the index i specifies the mode fre
quency at ambient conditions and its derivative, represent the thermo
dynamic and thermoelastic behavior of the condensed matter at high 
pressure and/or temperature, indicating the influence of anharmonic 
effects on the phonon spectrum due to the change of the unit cell vol
ume. It has been found experimentally that the bulk moduli for the bi
nary SnS2 and SnSe2 dichalcogenides are very similar, being 28.1 and 
27.3 GPa, respectively [35,36]. Assuming solid solutions formed in the 
SnSxSe2-x system, we can linearly interpolate the corresponding bulk 

modulus to be 27.54, 27.62 and 27.70 GPa for x = 0.6, 0.8 and 1, 
respectively. From the obtained pressure coefficients of the various peak 
frequencies given in Fig. 4, we extract the Grüneisen parameters for the 
A1g(SnS2-like) mode: 0.35, 0.34 and 0.36, as well as for the A1g 
(SnSe2-like) mode: 0.44, 0.41 and 0.37 for x = 0.6, 0.8 and 1, respec
tively. These values indicate the stronger Sn–S interaction along the 
c-axis compared to that of Sn–Se in the ternary alloys. 

Fig. 3. Representative Raman spectra of the ternary SnSxSe2-x (x = 0.6, 0.8, 1) alloys at various pressures recorded upon pressure increase.  

Fig. 4. The frequencies of the main Raman peaks of the ternary SnSxSe2-x (x = 0.6, 0.8, 1) alloys as a function of pressure. Open (solid) symbols correspond to data 
obtained upon pressure increase (decrease). Lines through the experimental data are their linear least square fits, while numbers refer to the corresponding pres
sure slopes. 
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4. Conclusion 

Summarizing, we have presented herein a detailed study of the hy
drostatic pressure response of the Eg(SnSe2-like), A1g(SnSe2-like) and 
A1g(SnS2-like) Raman modes of ternary SnSxSe2-x (x = 0.6, 0.8, 1) tin 
dichalcogenide crystals. The frequency evolution with pressure of the 
Raman modes is quasi-linear within the studied pressure range (up to 8 
GPa) and fully reversible, confirming the structural stability of tin 
dichalcogenide alloys. For all the studied compounds, the in-plane 
Eg(SnSe2-like) mode frequency exhibits larger pressure coefficient than 
those of the A1g modes along the c-axis. Moreover, with increasing S 
content, the pressure coefficient of the A1g(SnS2-like) mode frequency 
increases, while that of the A1g(SnSe2-like) mode decreases and their 
Grüneisen parameters suggest a stronger Sn–S interaction along the c- 
axis compared to that of Sn–Se. We expect that the results of the present 
study will be very informative for future studies regarding the pressure 
response of the Raman modes of tin dichalcogenide alloys in the nano
scale as a function of the number of layers. 
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