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Van der Waals SnSe2(1−x)S2x Alloys: Composition-Dependent 
Bowing Coefficient and Electron–Phonon Interaction
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Zhuo Yang, Oleg Makarovsky, Laurence Eaves, Andrij Solomon, Volodymyr T. Maslyuk, 
Zakhar D. Kovalyuk, Lijun Zhang,* and Amalia Patanè*

The design of advanced functional materials with customized properties often 
requires the use of an alloy. This approach has been used for decades, but only 
recently to create van der Waals (vdW) alloys for applications in electronics, 
optoelectronics, and thermoelectrics. A route to engineering their physical 
properties is by mixing isoelectronic elements, as done for the SnSe2(1−x)S2x 
alloy. Here, by experiment and first-principles modeling, it is shown that the 
value of x can be adjusted over a wide range, indicating good miscibility of 
the SnS2 and SnSe2 compounds. The x-dependence of the indirect bandgap 
energy from Eind = 1.20 eV for SnSe2 to Eind = 2.14 eV for SnS2, corresponds to a 
large bowing coefficient b ≈ 1 eV, arising from volume deformation and charge 
exchange effects due to the different sizes and orbital energies of the S- and 
Se-atoms. This also causes composition-dependent phonon energy modes, 
electron–phonon interaction, and temperature dependence of Eind. The alloys 
are exfoliable into thin layers with properties that depend on the composition, 
but only weakly on the layer thickness. This work shows that the electronic 
and vibrational properties of the SnSe2(1−x)S2x alloy and its thin layers provide a 
versatile platform for development and exploitation.
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polytypes.[1–4] For the polytype phase 
2H-MX2 (metal M = Sn; and chalcogen  
X = S, Se), the hexagonal unit cell consists 
of two weakly coupled vdW layers along the 
c-axis and strong covalent metal-chalcogen 
bonds within each layer (Figure  1a).[1–4] 
These crystals can be produced at low-
cost, in part due to the natural abundance 
of Sn, S, and Se; they are environmentally 
friendly, and have potential for applications 
in electronics, optoelectronics, and thermo-
electrics.[5–14] Single-layer and multilayer 
nanosheets of the binary compounds SnS2 
and SnSe2 can be synthesized or isolated 
from their bulk counterparts by mechan-
ical exfoliation.[15–23] Both bulk SnS2 and 
SnSe2 crystals have an indirect bandgap 
and their in-plane lattice constants, inter-
layer distances and interlayer binding ener-
gies tend to be weakly dependent on the 
layer thickness.[20] An alternative route to 
engineering physical properties, such as 
the bandgap energy, is by varying the com-

position of the ternary alloy SnSe2(1−x)S2x.[24–29] Although SnS2 
and SnSe2 have been widely studied, the electronic properties of 
the SnSe2(1−x)S2x alloy and their dependence on the layer thick-
ness, alloy composition, temperature, and/or applied strain are 
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1. Introduction

Tin disulfide (SnS2) and diselenide (SnSe2) belong to the 
IV–VI group of van der Waals (vdW) crystals and exist in different 
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presently largely unknown. Furthermore, some of these proper-
ties can depend on the specific method of synthesis,[24,28] which 
can produce materials with different polytype phases and/or  
stoichiometry.

This work reports on a theoretical and experimental study 
of 2H-SnSe2(1−x)S2x thin films prepared by a chemical vapor 
transport (CVT) method. We show that their near band edge 
absorption energy blueshifts with increasing the S-content, cor-
responding to a large bowing coefficient b ≈ 1 eV. The shift is 
accompanied by an increase of the energy of the optically active 
Raman phonon modes and a stronger temperature dependence 
of the bandgap energy, indicative of a composition-dependent 
electron–phonon interaction. Using first-principles calculations 
of the electronic structure, we show that these effects arise pri-
marily from the large difference in the atomic radii and atomic 
orbital energies of the Se and S atoms. The layers are optically 
active at room temperature with a bandgap energy that depends 
on the alloy composition, but only weakly on the layer thick-
ness. Thus, the SnSe2(1−x)S2x alloy enables access to a class of 
low-dimensional semiconductors with a useful range of elec-
tronic, optical, and vibrational properties tunable by the alloy 
composition.

2. Results and Discussion

2.1. Bandgap Energy and Bowing Coefficient

Single crystals of SnSe2(1−x)S2x (0 ≤ x  ≤ 1) were grown by the 
CVT reaction method within a quartz ampoule using stoichi-
ometric concentrations of high purity (≥ 99.999%) reactants 
(Sn, S, and Se) and iodine I2 as the transport agent (see Experi-
mental Section). The as-grown crystals have the shape of flat 
platelets with mirror-like surfaces and in-plane areas of up 
to ≈ 1 cm2 (Figure 1a). They have thickness L of up to ≈ 100 µm 
and can be readily exfoliated mechanically into nanometer-thick 
layers with a uniform composition x, as measured by energy-
dispersive X-ray (EDX) spectroscopy (Table  1 and Table S1,  
Supplementary Information). The nominal composition of the 
alloys was set to xn = 0, 0.5, 0.70, 0.75, 0.80, 0.85, 0.95, and 1.00. 
However, the real composition was found to be higher in the 
ternary compounds (x  = 0, 0.70, 0.81, 0.85, 0.87, 0.88, 0.94, 
and 1.00). At a given growth temperature, S and Se have dif-
ferent vapor pressures. This can affect their transport within 
the ampoule, causing a deviation of the nominal stoichiometry 
from the real one.

Figure  1b shows the normalized optical absorption spectra 
at room temperature (T = 300K) for SnSe2(1−x)S2x films of thick-
ness t ≈ 10 µm. The absorption edge shifts to higher energies 
with increasing x. We estimate the indirect bandgap energy, 
Eind, (Table  1) by plotting the square root of the absorption 
coefficient, α, versus the photon energy, hv, and extrapolating 
the linear part of the α(hv) curve to zero. Figure 1b shows the 
x-dependence of Eind and its fit by the equation

E x xE x E bx x( ) ( )( ) ( ) ( )= + − − −SnS 1 SnSe 1ind ind 2 ind 2 � (1)

where Eind (SnS2) = (2.14 ± 0.03) eV and Eind(SnSe2) 
= (1.20 ± 0.03) eV are the measured energy values of the indi-
rect bandgap for SnS2 and SnSe2, respectively, and b is the 
bowing coefficient. The data are well described by Equation (1) 
with b = (1.0 ± 0.1) eV.

We compare our values of Eind and b with those from the 
literature. For SnSe2(1−x)S2x alloys synthesized by the solvo-
thermal method, Eind(SnS2) = 2.23  eV, Eind(SnSe2) = 1.29  eV 
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Figure 1.  a) Crystal structure for MX2 (M = Sn and X = Se, S) and optical 
images of CVT-grown SnSe2(1−x)S2x alloys. b) Dependence of the indirect 
bandgap energy of SnSe2(1−x)S2x as derived from the measured absorption 
spectra at T = 300 K. The lines show the calculated empirical dependence 
of the bandgap energy on x, as derived from Equation  (1) in the main 
text with different bowing parameters b. Inset: representative absorption 
spectra at T = 300 K.

Table 1.  Indirect bandgap energy, Eind, and PL peak energy for bulk 
SnSe2(1−x)S2x (T  = 300K). Eind is estimated from a fit to the band 
edge absorption. The composition x of the alloy is assessed by EDX 
and compared with the nominal composition xn.

Nominal 
composition

Measured composition Eind [eV] PL peak energy [eV]

xn = 1.00 x = 1.00 2.14 ± 0.03 1.35 ± 0.03

xn = 0.95 x = 0.94 2.01 ± 0.03 1.69 ± 0.04

xn = 0.85 x = 0.88 1.95 ± 0.03 1.66 ± 0.02

xn = 0.80 x = 0.87 1.92 ± 0.03 1.64 ± 0.02

xn = 0.75 x = 0.85 1.87 ± 0.03 1.61 ± 0.03

xn = 0.70 x = 0.81 1.79 ± 0.03 1.63 ± 0.02

xn = 0.50 x = 0.70 1.65 ± 0.03 1.58 ± 0.01

xn = 0 x = 0 1.20 ± 0.03 1.16 ± 0.01
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and b = 0.03 eV;[25] for CVT-grown crystals, Eind(SnS2) = 2.27 eV, 
Eind(SnSe2) = 1.37 eV and b = 1.1 eV.[28] Differences in the meas-
ured values of Eind and b can be caused by the coexistence of 
different polytype phases and/or stoichiometries, and a devia-
tion of the real composition x from the nominal one. The com-
position x of the alloy is measured by EDX with an accuracy 
of   ± 1% (Table  1). To assess the polytype phase of our com-
pounds, we use Raman spectroscopy. The Raman spectra reveal 
the characteristic A1g and Eg Raman modes of 2H-SnSe2(1−x)S2x 
(Supporting Information S2). The X-ray diffraction (XRD) 
studies give lattice constants consistent with the 2H polytype 
phase of SnSe2 and SnS2 (Supporting Information S3).

The assessment of both crystal structure and composition of 
the alloy enables a reliable comparison between the measured 
bowing coefficient and that calculated using first-principles cal-
culations. We start our modeling by investigating the stability 
of the 2H-SnSe2(1−x)S2x alloy using the state-of-the-art cluster 
expansion (CE) approach.[30,31] The formability of the alloy is 
evaluated by calculating its formation enthalpy ΔH:

H E xE x Ex x( ) ( ) ( )( )Δ = − − − ( )−SnSe S SnS 1 SnSe /22 1 2 2 2
�

(2)

where E(SnS2), E(SnSe2), and E(SnSe2(1−x)S2x) represent the 
enthalpies of SnS2, SnSe2, and their mixed alloy, respectively. 
As shown in Figure 2a, at different x the formation enthalpy is 
always positive and is small (ΔH < 25 meV per anion), implying 
a tendency to solid solution miscibility. In particular, our cal-
culations show that, for all values of x, the highest miscibility 
temperature is below T  = 180 K (Figure  2b). In our enthalpy 

calculations in the mean-field approximation, we neglect the 
lattice vibration contribution. This may lead to an underes-
timation of the solubility and thus an overestimation of the 
miscibility temperature. To study the electronic structure 
of the 2H-SnSe2(1−x)S2x alloy, we employ the “special quasi-
random structure” (SQS) approach,[32,33] which takes into 
account disorder effects for a random alloy in periodic supercell 
calculations. The modified Becke Johnson (MBJ)[34] exchange-
correlation functional was used to remedy the self-interaction 
error in density functional theory (DFT) calculations. Figure 2c 
shows the calculated x-dependence of the bandgap energy 
and its comparison with the measured one: it can be seen 
that besides reproducing the measured values of the indirect 
bandgap energy of SnSe2 and SnS2, our model is in good agree-
ment with the experimental observation of a large bowing coef-
ficient b (b ≈ 1 eV, Figure 2d). This is significantly larger than 
that for several covalent (non-vdW) alloys, such as CdSxSe1−x 
(b  = 0.3  eV)[35] and ZnSxSe1−x (b  = 0.41–0.63  eV),[36,37] and for 
vdW alloys, such as MoS2(1−x)Se2x (b ≈ 0.5 eV)[38–40] and WS2(1−x)
Se2x (b = 0.04 eV)[38] (see the Supplementary Information S4 for 
the values of the bandgap bowing coefficient measured or cal-
culated for different alloys in the literature).

To understand the physical origin of the large optical 
bandgap bowing and its composition dependence, we examine 
the distinct contributions to b due to volume deformation 
(bVD), charge exchange (bCE), and structural relaxation (bSR), 
i.e., b = bVD + bCE + bSR.[41,42] The bVD-term takes into account 
a change in the bandgap due to the compression (dilation) of 
the SnSe2 (SnS2) lattice parameters in the alloy; the bCE-term 
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Figure 2.  a) Calculated formation enthalpies (ΔH) of SnSe2(1−x)S2x alloys using the CE approach. The different colors show the DFT-calculated, CE-fitted, 
and CE-predicted data. b) Simulated phase diagram of the SnSe2(1−x)S2x alloy. The area of phase separation is shaded. c) Measured (black) and calcu-
lated (red) values of the bandgap energy of SnSe2(1−x)S2x alloys as a function of x. The dashed line is the bandgap energy from Equation (1) with b = 1 eV. 
d) Dependence on x of the calculated total bandgap bowing parameters (b) and the three contributing terms (bVD, bCE, and bSR).
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is calculated from the change in the orbital energies of the Se 
and S atoms; and the bSR-term represents the change when 
moving from the atomically unrelaxed to the relaxed alloy. As 
shown in Figure 2d, the total bowing coefficient shows a clear 
composition dependence, significantly stronger at larger x. At 
first glance, the large bandgap bowing parameter of the vdW 
SnSe2(1−x)S2x alloy could be attributed entirely to the different 
sizes and orbital energies of the S- and Se-atoms forming 
the alloy. However, other (Se, S) alloys in the literature have 
revealed small bowing parameters.[35–40] To fully explain the 
large bowing parameter in the SnSe2(1−x)S2x alloy, we should 
consider its specific crystal structure (Figure  1a). This is an 
essential factor leading to a non-linear dependence of the elec-
tronic structure of the alloy on composition. The strongest con-
tribution to the value of b arises from volume deformation due 
to the substantial lattice mismatch between SnS2 and SnSe2; 
also, charge transfer due to the different orbital energies of the 
S and Se atoms plays an important role. Both effects become 
more prominent at large x and account for the calculated 
composition-dependent bowing coefficient. The weak struc-
tural relaxation contribution can be understood by the nearly 
linear dependence of the lattice parameters on x, which follows 
Vegard’s law (Supporting Information S5).

2.2. Electron–Phonon Interaction

We examine further the properties of the alloy by temperature-
dependent studies of the absorption spectra. As shown in 
Figure 3, over the range T = 5–300 K, the T-dependence of the 
indirect bandgap energy is well described by the O’Donnell–
Chen model, which takes into account the lattice expansion and 
electron–phonon interaction:[43]

E T E S k Tω ω( )( ) ( )= − − 0 coth /2 1ind ind B� �
� (3)

Here Eind (0) is the indirect bandgap at T = 0K, 〈ħω〉 is an average 
phonon energy, S is a dimensionless constant describing the 
electron–phonon coupling, and kB is the Boltzmann constant. 

Each solid line in Figure  3 is the fit to the Eind(T) data using 
Equation  (3) with Eind(0) and S as fitting parameters, and by 
fixing the average phonon energy 〈ħω〉 to the value derived 
from the frequencies of the Raman active modes for each 
compound (Table  2 and Supporting Information S2). The fre-
quencies of the A1g and Eg Raman modes for SnSe2 (184.0 and 
116.8 cm−1) are significantly smaller than for SnS2 (313.2 and 
202–212 cm−1) due to the lighter atomic mass of S compared to 
that of Se (the mass ratio mS/mSe is ≈ 0.4). Correspondingly, the 
average phonon energy 〈ħω〉 decreases from about 32 meV in 
SnS2 to 18 meV in SnSe2 . However, although the phonon fre-
quencies in SnS2 are the highest among the SnSe2(1−x)S2x alloys, 
the SnS2 binary compound exhibits the strongest dependence 
of the bandgap energy on temperature. In particular, for x = 1, 
the electron–phonon coupling parameter is S = 7 and is larger 
than in SnSe2(1−x)S2x with x = 0.7 (S = 4.5) and x = 0 (S = 3).

The stronger electron–phonon coupling at larger x is sup-
ported by our model. We use the density functional perturba-
tion approach[44] to examine the electron–phonon interaction 
in SnSe2 and SnS2. Our electronic band structure calcula-
tions (Figure 4a,b) show that for both compounds the conduc-
tion band minimum (blue line) is located along the L−M line 
in the Brillouin zone. The valence band maximum (red line) 
is instead along the   Γ−M line. This is consistent with angle-
resolved photoemission spectroscopy measurements on SnS2, 
which indicate a valence band maximum in proximity of the 
Γ point along the Γ–M line.[6] The calculated phonon spectra 
(Figure 4c,d) exhibit no imaginary modes and SnS2 has gener-
ally higher phonon frequencies than SnSe2 due to the stronger 
SnS bonding and the lighter mass of S. The electronphonon 
coupling matrix elements |gmn,ν (k, q)| are calculated along the 
high-symmetry directions in the Brillouin zone of phonon 
wavevector q and electron wavevector k at Γ. Here, m and 
n refer to the conduction band minimum (Figure  4e,f) and 
valence band maximum (Figure  4g,h), and ν represents the 
phonon mode type. It can be seen that the electronphonon 
coupling matrix elements for SnS2 (Figure 4e,g) are larger than 
those for SnSe2 (Figure  4f,h). We assign this to the stronger 
SnS covalent bonding compared to SnSe, as is evident from 
the charge density difference plots, showing a stronger elec-
tron localization along the Sn-S bonds (insets of Figure  4e,f). 
We note that our calculations of the bandgap energy (Figure 2) 
assume a static lattice. The stronger electronphonon interac-
tion at large x may contribute to the composition dependence 
of the bandgap energy. This may account for the discrepancy 
between the measured and calculated bowing coefficients at 
large x (Figure 2c).

Adv. Funct. Mater. 2020, 1908092

Figure 3.  Temperature dependence of the bandgap energy for CVT-grown 
SnSe2(1−x)S2x alloys. The solid black lines show fits to the experimental 
data by the O’Donnell–Chen equation. Inset: representative absorption 
spectra for SnS2 at different temperatures.

Table 2.  Parameters from the O’Donnell–Chen model describing 
the temperature (T) dependence of the indirect bandgap energy and 
its change, ΔE, from T  = 0 to 300  K. Eind (0) is the indirect bandgap 
at T = 0 K, 〈h_ω〉 is an average phonon energy, and S is a dimensionless 
constant describing the electron–phonon coupling.

Measured 
composition

Eind(0) [eV] 〈h_ω〉 [meV] S ΔE [eV]

x = 1.0 2.34 32.2 7.0 0.20

x = 0.7 1.80 27.8 4.5 0.15

x = 0.0 1.31 18.4 3.0 0.11



www.afm-journal.dewww.advancedsciencenews.com

1908092  (5 of 9) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.3. Photoluminescence

All our alloys are optically active at room temperature with a 
photoluminescence (PL) emission that shifts to high energy 
with increasing x (Table 1). As shown in Figure 5, the PL emis-
sion band blueshifts to higher energy and broadens going 
from x  = 0 to 0.9. Also, its Stokes-shift, as measured relative 
to the absorption edge (red arrows in Figure 5) increases with 
x. However, for x = 1, we observe a different behavior: the PL 
band exhibits an unusually large redshift (≈ 0.8 eV) relative to 
the absorption edge; also, the PL emission is at a lower energy 
than that of alloys with a lower x. These observations suggest 
a dominant recombination of carriers from deep levels and/or 

regions of the alloy with a different stoichiometry. Although our 
Raman studies do not reveal the coexistence of different stoi-
chiometries, we do not exclude that local inclusions of SnS in 
SnS2 may be responsible for the PL emission in this sample. 
A PL emission near 1.4  eV was previously reported for thick 
layers of SnS2 and ascribed to band-to-band transitions in SnS 
regions.[45] We observe a similar behavior in our samples. The 
PL band in our SnS2 samples is centered at ≈1.35  eV, which 
is in good agreement with the value of the direct bandgap of 
SnS, Eg,dir(SnS) = 1.36  eV.[45] We exclude the possibility that 
such regions with different stoichiometry are generated upon 
laser excitation as the PL spectra were always measured at low 
excitation power densities (P < 10 µW µm−2) to avoid excessive 

Adv. Funct. Mater. 2020, 1908092

Figure 4.  a,b) Calculated electronic band structures of a) SnS2 and b) SnSe2. The lowest conduction band is indicated in blue and the highest valence 
band in red. c,d) Phonon dispersion curves of SnS2 and SnSe2. e–h) Calculated electron–phonon matrix elements. e,f) The calculations were performed 
for the lowest conduction band and g,h) the highest valence band. The contributions from all the phonon modes are calculated. Inset: electron charge 
density difference of SnS2 and SnSe2, respectively. The charge accumulation and depletion are indicated in red and blue, respectively.
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lattice heating. Also, there was no indication of degradation or 
changes of the flakes during the measurements. Thus, our find-
ings are different from those reported in the literature showing 
a structural transformation of SnS2 into SnS by electron beam 
irradiation.[45,46] Regions of our samples with a lower chalcogen 
concentration are most likely caused by a non-uniform crystal 
growth. These can be present in both SnS2 and SnSe2 com-
pounds, as well as their alloys. However, the resulting Stokes 
shift is more prominent in SnS2 and S-rich alloys due to the 
larger difference between the bandgap values of the Sn-sulfides 
compared to that for the Sn-selenides.[45,47]

2.4. Quantum Confinement Effects

Our experimental and theoretical study of the SnSe2(1−x)S2x alloy 
indicates that the electronic and vibrational properties of the alloy 
are strongly dependent on the alloy composition. In this section, 
we examine the role of quantum confinement in the exfoliated 
flakes of the alloys. Figure  6a–c shows the room temperature 
micro-PL (μPL) emission spectra and images of mechanically 
exfoliated nanosheets of SnSe2(1−x)S2x (x = 0.7) with thicknesses L 
from ≈ 4 to ≈100 nm. The atomic force microscopy (AFM) images 
indicate that the exfoliated flakes are almost flat on the atomic 
scale with an average surface roughness of less than 1 nm along 
the c-axis (Figure 6c). With decreasing L, the μPL emission tends 
to shift to high energy and its intensity decreases. No PL signal 
was detected in layers thinner than ≈ 4 nm. In spite of variations 
from flake to flake, the shift and quenching of the PL at small L 
is always observed, but is generally small (<100 meV). In order 
to avoid any potential damage of the flakes by the laser beam 
through excessive lattice heating, the PL spectra were measured at 
low excitation power densities (P < 10 µW µm−2). No degradation  

of the flakes was observed during the measurements, sug-
gesting that they are not sensitive to air. As can be seen from  
Figure 6a, the intensity of the PL signal decreases with decreasing 
layer thickness. This is expected from a reduction in the thickness 
of the optically absorbing material. The absence of PL emission 
in flakes thinner than ≈ 4 nm is most likely due to the fact that 
the signal for such thin flakes is too low to be distinguished from 
the background signal. We note that in contrast to thin layers of 
III–VI compounds, such as InSe,[48] in these VI–VI compounds 
a simple model of a square quantum well potential of infinite 
height, giving a PL emission peak at hv  = hv3D  + π2ℏ2/2L2μ//c, 
does not provide a good fit to the measured data (see lines in the 
inset of Figure  6a). Here hv3D is the measured PL peak energy 
in the bulk and μ//c is the reduced exciton mass along the c-axis. 
Also, an energy shift of the PL emission peak is observed in 
SnSe2(1−x)S2x layers that are relatively thick (L > 20 nm). A similar 
behavior was reported in other vdW materials, such as GeS.[49] 
An energy shift for such thick layers cannot be explained by 
assuming a simple quantum well model, as the corresponding 
value of the reduced exciton mass would be unrealistically small 
(Figure 6a,inset). However, we note that the PL emission can be 
influenced by carrier relaxation into/recombination from local-
ized states in the layer plane, resulting in a Stokes shift of the PL 
emission with respect to the absorption (Figure 5). Thus, the PL 
emission peak energy may not reflect accurately quantum con-
finement effects. Other effects can also play a role. We suggest 
that the weak dependence of the PL emission energy on the layer 
thickness at small L (<20 nm) can be influenced, for example, by 
a reduction of the screening of electrostatic interactions, and by 
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Figure 5.  Room temperature PL for SnSe2(1−x)S2x films. The redshift, ΔE, 
of the PL emission peak relative to the absorption edge is indicated by red 
arrows. The dependence of ΔE on x is shown in the inset.

     
     

Figure 6.  a) Room-temperature PL for SnSe2(1−x)S2x films of different 
thickness L (x = 0.7). The inset shows the measured energy shift of the 
PL peak energy versus the layer thickness and the calculated depend-
ence using a 2D quantum well model in the effective mass approximation 
with different exciton reduced masses. b) Optical and c) AFM images of 
SnSe2(1−x)S2x films with different layer thickness L. The inset is the AFM 
Z-profiles obtained along the dotted line shown in part (c).
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the large electron and hole band edge masses. In these binary 
compounds the nature of the bandgap remains indirect for the 
single monolayer thickness, but excitonic effects may be strongly 
enhanced due to quantum confinement and reduced dielectric 
screening.[20] The increase of the exciton binding energy with 
decreasing layer thickness can contribute to a weaker energy shift 
of the PL emission than expected from a simple 2D quantum 
well model, which requires further research.

3. Conclusions

In summary, the optical absorption spectra of the SnSe2(1−x)S2x 
alloy vary over an extended energy range from the near-
infrared to the visible range, with a large bowing parameter 
that depends on the alloy composition. The value of x can be 
tuned over a wide compositional range, indicating a good mis-
cibility of the SnS2 and SnSe2 compounds. The measured tem-
perature dependence of the bandgap energy is well described 
by the O’Donnell–Chen model and indicates an electron–
phonon coupling that increases with the S-content. The room 
temperature miscibility behavior, large bowing parameter, and 
composition-dependent electron–phonon coupling are repro-
duced by first-principles modeling. The underlying mecha-
nism is attributed to the different sizes and orbital energies 
of S and Se forming the alloy. In addition, we have observed 
a blueshift of the PL emission in thin exfoliated flakes due 
to quantum confinement. Electron–phonon interactions and 
quantum confinement affect the operation of electronic and 
optical devices by controlling the electrical resistivity, optical 
absorption, thermalization of hot carriers, thermoelectric 
properties, etc. Thus, the ternary vdW alloy and its thin layers 
provide a promising material platform to investigate and 
exploit further.

4. Experimental Section
Single crystals of SnSe2(1−x)S2x (0 ≤ x  ≤ 1) were grown by the CVT 
reaction method within a quartz ampoule. The ampoule was kept in 
a furnace with a temperature gradient from T  = 650 to 500  °C over a 
length of ≈10 cm: the reactants were introduced in the hot region of 
the furnace tube and they crystallize in the cooler region over a period 
of 24 h.

The experimental set-up for µPL and Raman measurements 
comprised a He–Ne laser (λ  = 633  nm) and a frequency-doubled 
Nd:YVO4 laser (λ = 532 nm), an XY linear positioning stage, an optical 
confocal microscope system, and a spectrometer with 150 and 1200 
grooves/mm gratings, equipped with a charge-coupled device (CCD). 
For the room temperature studies, the laser beam was focused to a 
diameter d  ≈ 1  µm using a 100 × objective and the µPL spectra were 
measured at low power densities (P <  103 W  cm−2) to avoid lattice 
heating.

Optical absorption spectra were measured in the temperature range 
T = 5–300 K. White light from a 7W halogen lamp (HL-2000-FSHA from 
Ocean Optics) was transmitted via an optical fiber through SnSe2(1−x)S2x 
films of thickness t ≈ 10 µm and collected by a spectrometer equipped 
with a CCD array (USB4000-UV-VIS from Ocean Optics). For the 
temperature-dependent studies, the samples were mounted in a cryostat 
with optical windows.

The alloys were examined by EDX spectroscopy using a JEOL-
JSM-6610LV scanning electron microscope fitted with an Oxford 

Instruments X-Max 800 mm energy-dispersive spectrometer. Images of 
the SnSe2(1−x)S2x flake topography were acquired by AFM in non-contact 
mode under ambient conditions.

First-principles calculations were performed within the framework of 
DFT by using the projected augmented wave pseudo-potential method 
as implemented in the Vienna Ab-initio Simulation Package code.[50,51] 
The generalized gradient approximation formulated by Perdew, Burke, 
and Ernzerhof[52,53] was used as exchange correlation functional. The 
kinetic energy cut-off for the plane wave basis was chosen to be 340 eV, 
with k-point grid spacing set to 2π  × 0.04 Å−1 for electronic Brillouin 
zone integration. Geometry optimizations (including cell parameters 
and internal atomic positions) were performed using the conjugate 
gradient technique, until the residual force converged to below 
0.05 eV Å−1. To properly treat the vdW interaction in the current layered 
system, the optB86b-vdW[54,55] functional was adopted, which gives a 
satisfactory description of the Sn–S systems.[56,57] As shown in Table S2 
in the Supplementary Information, the optimized lattice parameters 
of SnS2 and SnSe2 show good agreement with the experimental 
values. To remedy the self-interaction error of DFT calculations, two 
exchange-correlation functionals were employed, i.e., the MBJ[34] 
and hybrid (HSE)[58] forms, both of which give good agreement of 
the bandgap values of SnS2 and SnSe2 with the experimental ones 
(Table S2, Supplementary Information). The formability and miscibility 
temperature of 2H-SnSe2(1−x)S2x alloys were evaluated by using the  
state-of-the-art CE approach,[30,31] as implemented in the Alloy 
Theoretic Automated Toolkit code.[59] The electronic structures of the  
2H-SnSe2(1−x)S2x alloys were calculated by the SQS approach[32,33] that 
takes into account disorder effects for a random alloy in periodic 
supercell calculations. The electronic structure, phonon spectra, and 
electron–phonon coupling for SnS2 and SnSe2 were calculated by 
using the density functional perturbation approach together with the 
maximally localized Wannier function, as integrated in the Quantum 
ESPRESSO package.[60,61] For these calculations, the energy cut-off 
for wavefunction expansion was chosen to be 40 Ry. A 6 × 6 × 6 
Γ-centered k-point grid and a 6 × 6 × 6 Γ-centered q-point grid was 
adopted for electronic structure and phonon calculations, respectively. 
The electron–phonon matrix elements |gmn,ν (k,q)| associated with the 
electronic wavefunction and the change of the self-consistent potential 
were calculated by using 6 × 6 × 6 electron and phonon grids k centered 
at Γ. Here, m and n refer to the electron band indexes and ν represents 
the phonon mode type. Since SnS2 and SnSe2 are polar materials, the 
non-zero Born effective charges were considered in order to correctly 
treat the long-range interaction in the crystal.
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