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a b s t r a c t   

Tin disulfide (SnS2) is a layered two-dimensional (2D) semiconductor material that shows great potentials 
in applications such as photodetectors, sensors, field-effect transistors, thermoelectric power generators, 
etc. The understanding of thermal transport in SnS2 is important for the optimization of thermal man-
agement and energy transport and conversion processes in these devices. Here we compare the in-plane 
thermal conductivities of mechanically exfoliated single-crystalline and chemical vapor deposition (CVD)- 
grown polycrystalline SnS2 nanofilms measured using the Raman optothermal technique. The poly-
crystalline SnS2 film with a grain size of 250 nm has a low in-plane thermal conductivity of 4.8–5.6 W m−1 

K−1, which is approximately half that of the single-crystalline SnS2 film due to phonon scattering at the 
grain boundaries. The thermal transport across crystal grains is simulated using two approaches: (1) A finite 
element model with generated Voronoi cells, and (2) an empirical equation that takes into account the grain 
boundary thermal conductance (G′). The two approaches yield similar values for the effective G′, as well as 
consistent dependences of the in-plane thermal conductivity on the average grain size. It is predicted that 
the in-plane thermal conductivity of the polycrystalline SnS2 film can be substantially reduced with finer 
grains. The results of this work offer a fundamental understanding of the thermal transport properties of 
single-crystalline and polycrystalline SnS2 films from different growth methods, and demonstrate the po-
tential to control the thermal conductivity of SnS2 by tuning the grain size for future thermoelectric ap-
plications. 

© 2020 Elsevier B.V. All rights reserved.    

1. Introduction 

Transition metal dichalcogenides (TMDCs) have received consider-
able attention owing to their unique electrical, optical, thermal and 
mechanical properties [1–4]. Having a similar lattice structure as mo-
lybdenum disulfide (MoS2), tin disulfide (SnS2) has drawn great in-
terest in recent years as it is a good n-type semiconductor with a 
layered CdI2-type structure [5,6], where Sn-S bonds are strongly 
covalent while the S-Sn-S layers are connected by weak van der Waals 
forces. Layered SnS2 has been explored in applications such as photo-
detectors [7,8], field effect transistors (FETs) [9,10], integrated logic 
circuits [11], gas sensors [12], lithium-ion batteries [13], etc. In addition, 
SnS2 has been considered as a prospective thermoelectric material with 
high figure of merit (ZT) values [14–17]. Exfoliated SnS2 films were 
reported to have an electrical conductivity of from 4 × 10−4 to 1 × 10−2 

S cm−1 [14]. SnS2 grown by nebulizer spray assisted CVD was shown to 
have an electrical conductivity in the range of 6.84 × 10−5 to 1.34 × 10−3 

Ω−1 cm−1 [18]. The thermal conductivity of SnS2 is also an important 
physical property that impacts the energy transport and conversion 
processes. However, in comparison to the widely-studied electrical 
properties, there have been very few studies on the thermal transport 
in SnS2, especially SnS2 nanofilms, despite the increasing attention to 
its thermoelectric properties [14,19,20]. Bulk polycrystalline SnS2 syn-
thesized by the spray pyrolysis method was shown with a thermal 
conductivity of 10 W m−1 K−1 measured using the photo-deflection 
spectroscopy technique [21], whereas a thermal conductivity of 
3.45 W m−1 K−1 was measured for a 16-nm thick single-crystalline SnS2 

synthesized by chemical vapor transport (CVT) in a microfabricated 
thermoelectric device (MTMP) [14]. Theoretical calculations predicted 
that the monolayer SnS2 has a low lattice thermal conductivity of 
6.41 m−1 K−1 [22], or even as low as 0.67 m−1 K−1 at room temperature  
[17], encouraging further studies on its thermoelectric properties [20]. 

https://doi.org/10.1016/j.jallcom.2020.158119 
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Chemical vapor deposition (CVD) has been demonstrated for 
rapid synthesis of large-area, low-defect layered SnS2 films with 
great optoelectronic performances [14,23]. Nevertheless, CVD-grown 
layered 2D materials are usually of polycrystalline nature, in which 
the crystal grain boundaries can largely impact the phonon thermal 
transport. Studies on the thermal conductivity of CVD-grown, 
polycrystalline layered nanofilms have been focused on graphene 
[24–29], MoS2 [30–32], and other 2D materials [33]. However, the 
thermal transport property of CVD SnS2 nanofilms as a promising 
thermoelectric material remains rather unexplored. Moreover, a 
comparative study on the thermal conductivity of SnS2 of different 
crystallinities by varied growth methods is still lacking. In this work, 
we characterize the in-plane thermal conductivity (к) of mechani-
cally exfoliated single-crystalline SnS2 and CVD polycrystalline SnS2 

nanofilms using the Raman optothermal method. The lower к of CVD 
SnS2 is attributed to the grain boundary scattering of phonons. Using 
a combination of the finite-element and the empirical thermal si-
mulations, we demonstrate that к can be effectively controlled by 
varying the average grain size in SnS2, which is possible by tuning 
the CVD growth conditions. Our findings offer a fundamental un-
derstanding of basic thermal transport properties of layered SnS2, 
and give insights into the tuning of thermal transport properties of 
CVD SnS2 for various device applications, in particular thermo-
electrics. 

2. Experimental details 

Single-crystalline SnS2 nanofilms were exfoliated using Scotch tape 
from bulk SnS2 prepared by CVT. To obtain good-quality SnS2 single 
crystals, tin, sulfur, and iodine (1:2:0.5) power precursors were placed in 
the high vacuum quartz tube heated to 700 ℃, and the downstream of 
the quartz tube was kept at 600 ℃. The exfoliated SnS2 nanofilms were 
then transferred using polydimethylsiloxane (PDMS) to the SiO2 

(285 nm)/Si (500 µm) substrate with holes of 3–6 µm diameters for the 
subsequent Raman optothermal measurement. Polycrystalline SnS2 thin 
films, on the other hand, were synthesized by CVD, where tin (600 ℃) 
and sulfur (200 ℃) power precursors were used with 100 SCCM Ar and 
10 SCCM H2 flowing into the tube. The CVD SnS2 thin films were 
transferred to the perforated SiO2/Si substrate by wet transfer with 
minimal contamination, cracks, and defects [30]. Fig. 1(a) shows the 
optical images of the single-crystalline and polycrystalline SnS2 nano-
films, respectively. The different colors indicate areas with different 
thicknesses, which were measured by atomic force microscopy (AFM). A 
representative AFM image for the 82 nm-thick single-crystalline SnS2 

film is shown in Fig. 1(b). The samples were suspended on the 6 µm 
diameter holes (larger than the Raman laser spot size), ensuring that 
only the suspended SnS2 nanofilm is heated in the Raman optothermal 
measurement. 

The in-plane к was measured using the Raman optothermal 
method with a 532 nm laser excitation. The laser beam was focused 
through a long-working distance 50× objective lens (NA = 0.55, see 
schematic in Fig. 1(c)) on the suspended sample with a spot dia-
meter of 1.32 µm. Fig. 1(d) shows a representative Raman spectrum 
of supported polycrystalline SnS2 nanofilms with the characteristic 
peaks of SnS2 and Si: the out-of-plane A1g mode at ~314 cm−1, and Si 
at ~520 cm−1. The intensity ratio of the two peaks, ISnS2/ISi, can be 
used to estimate the thickness of SnS2 at different locations. As 
shown in Fig. 1(e), ISnS2/ISi increases with the increasing thickness of 
the SnS2 film, and the trend holds for both single-crystalline and 
polycrystalline samples. This offers a convenient way to select ap-
propriate areas within certain thickness ranges for the Raman op-
tothermal measurement prior to the AFM thickness measurement. 
Temperature dependent measurements ranging from 300 to 500 K 
were collected using a Linkam temperature control stage and a laser 
power as low as 0.03 mW was used to avoid the effect of laser 
heating, ensuring that the temperature rise was caused only by the 

temperature control stage. The laser-power dependent Raman 
spectra were recorded with a laser power ranging from 0.03 mW to 
1.09 mW. 

3. Results and discussion 

3.1. Experimental analysis 

The Raman optothermal measurement utilizes the Raman peak 
change as a thermometer to obtain the temperature rise in the 
suspended nanofilm upon laser heating. Since the in-plane thermal 
conductivity к of the suspended film greatly affects the heat dis-
sipation and thus the resulting temperature rise, к can be extracted 
from the laser power dependent Raman measurement. In this study, 
the Raman spectra of suspended SnS2 nanofilms were collected 
within 300–500 K to calibrate the temperature response of the 
Raman peak. As shown in Fig. 2(a), the position of A1g mode red 
shifts with increased temperature, implying phonon softening 
caused by the lattice thermal expansion, which has also been de-
monstrated in other layered 2D materials [34–39]. According to the 
first-order relation ω = ω0+ χTθ, where ω is the Raman frequency, ω0 is 
the frequency at 300 K, and θ is the temperature rise, and the Raman 
temperature coefficient χT can be obtained from the linear fitting of 
ω with T, as shown in Fig. 2(b). For example, χT is −(0.0117  ±  
0.0006) cm−1/K for the 76 nm-thick polycrystalline suspended SnS2, 
a value similar to MoS2 [36]. The variations in χT from sample to 
sample with different thicknesses can be negligible, and there is no 
sizeable difference in χT between single-crystalline and polycrystal-
line SnS2. 

The increasing laser power increases the local heating of the 
suspended SnS2, linearly red-shifting the position of the A1g mode, as 
shown in Fig. 2(c). For example, the slope of the fitted line, i.e., the 
power coefficient χP is −(1.45  ±  0.06) cm−1/mW for the 76 nm-thick 
suspended polycrystalline SnS2. By combining the Raman power 
coefficient with the Raman temperature coefficient, the Gaussian 
weighted average temperature of the heated suspended film by 
different laser power irradiations can be extracted, which is related 
to the in-plane к of the film. For a suspended SnS2 film with a lower 
к, the absolute value of χP is anticipated to be higher, as the film 
dissipates heat less efficiently and results in a greater temperature 
rise (hence a greater Raman peak change) for a certain amount of 
laser heating. 

During the Raman optothermal measurement, the SnS2 samples 
were kept inside the closed temperature control stage, where the 
effect of convective heat loss can be neglected, which was proven in 
previous studies [36,40]. The in-plane к can be extracted via the two- 
dimensional heat dissipation equation [36,37]: 
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where к is the in-plane к of suspended SnS2, T(r) is the temperature 
at radial position r, R is the radius of the hole over which the film is 
suspended, and q(r) is the volumetric laser heating given as [36]: 
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where r0 is the radius of laser beam, α is the absorbance of the 
suspended SnS2 film, t is the film thickness, and I = P/(πr0

2) is the 
peak laser power per unit area. The accurate measurement of α is 
important for extracting к, the value of which was often adapted 
from calculations [41] or taken from literature values [38]. Here, to 
determine the absorbance of the suspended SnS2 nanofilms, ex-
foliated and CVD SnS2 films were transferred onto the quartz sub-
strate with arrays of holes. The reflectance Rs and transmittance Ts 

were measured using the micro-Raman spectrometer, and the 
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absorbance was calculated by α = 1 − Rs − Ts and listed in Table 1 Note 
that absorption is stronger in polycrystalline SnS2 films due to the 
presence of grain boundaries [42]. 

Fig. 3 shows the extracted in-plane thermal conductivities к of 
the SnS2 films of various thicknesses at room temperature. к ranges 
from 8.3 to 11.8 Wm−1 K−1 for the mechanically-exfoliated single- 
crystalline SnS2 films, about twice that of the CVD polycrystalline 

SnS2 films (from 4.8 to 5.6 Wm−1 K−1), while neither exhibits an 
obvious thickness dependence. This suggests that the in-plane 
thermal transport is mitigated by the polycrystalline nature due to 
the grain boundary scattering of phonons. For comparison, Fig. 3 also 
shows reported thermal conductivity values of SnS2 from both cal-
culations and measurements. The results from Refs [17,22] are both 
calculated thermal conductivities of monolayer SnS2 based on the 
density functional theory (DFT) while showing a large difference in 
the values, as the former used Cahill’s model for minimal lattice 
thermal conductivity 0.67 Wm−1 K−1 [17],and the latter used an 
iterative method or single mode relaxation time approximation 
method to obtain 6.41 Wm−1 K−1 or 5.44 Wm−1 K−1 [22], respectively. 
к of 3.45 Wm−1 K−1 was measured for a 16 nm-thick single-crystal-
line film measured in a microfabricated thermoelectric device [14], 
which is smaller than the values measured in this work possibly due 
to the thickness dependence [8]. However, as the absorbance of SnS2 

Fig. 1. (a) Optical microscope images of single-crystalline (left) and polycrystalline (right) SnS2 nanofilms suspended on substrates with holes. (b) AFM image of the sample which 
is marked in Fig. 1(a) with a triangle. (c) Schematic of a suspended SnS2 nanofilm for Raman optothermal measurement. (d) Raman spectrum of SnS2 supported on the SiO2/Si 
substrate. Inset: lattice structure and atomic vibrational pattern of A1g phonon mode of SnS2. (e) Raman intensity ratio (ISnS2

/Isi) of supported SnS2 versus the thickness of single- 
crystalline and polycrystalline SnS2. 

Fig. 2. (a) Raman spectra of the 76 nm-thick suspended polycrystalline SnS2 at different temperatures. Raman peak frequency of the A1g mode as a function of (b) temperature and 
(c) laser power for the 76 nm-thick polycrystalline SnS2 nanofilm. 

Table 1 
The absorbance of single-crystalline and polycrystalline SnS2 transferred to the quartz 
substrate.          

Sample single-crystal polycrystal  

Thickness (nm) 45 77 82 171 60 76 98 
Absorbance (%) 6.9 11.5 12.2 23.9 15.3 19.0 23.8    
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is extremely low (Table 1), it is difficult to measure few-layer SnS2 

using the Raman optothermal method that requires sufficient heat 
generated from the laser. The 10 Wm−1 K−1 of bulk polycrystalline 
SnS2 from Ref [21] was obtained using the photo-deflection spec-
troscopy technique [21], reasonably greater than the к of poly-
crystalline SnS2 nanofilms here. The differences between these 
values may also be attributed to the differences in the crystal quality 
originated from the different preparation methods, as well as the 
differences in the calculation or measurement methods [15]. 

To obtain further information on the samples’ nanostructures, 
the exfoliated and CVD SnS2 nanofilms were transferred to copper 
grids for high-resolution transmission electron microscopy (HRTEM) 
measurements. Fig. 4(a) is a representative HRTEM image of the 
exfoliated single-crystalline SnS2, which clearly shows a lattice 
spacing of ~0.32 nm that can be assigned to the (100) crystalline 
plane [8]. For the whole structure, a low magnification TEM image in 
the inset of Fig. 4(a) demonstrates the edges with an angle of 120°, 
displaying hexagonal nanosheet structures. In contrast, the CVD 
polycrystalline SnS2 illustrated in Fig. 4(b) consists of irregular 
polygons (marked with red lines) ranging from 120 to 330 nm with a 
statistically average grain size of 250 nm. In addition, the single- 
crystalline nature can be revealed by the selected-area-electron- 
diffraction (SAED) pattern (Fig. 4(a) inset) with a neat arrangement 
of points, whereas the SAED pattern of the polycrystalline SnS2 is 
confirmed with concentric annulus shown in the inset of Fig. 4(b). 

3.2. Computational analysis 

To understand the effect of crystal grains on the thermal trans-
port, one should ideally construct a physical model to account for 
the detailed polycrystalline grain domains. However, commonly 
used tools such as first principles and molecular dynamics (MD) 
calculations are usually limited to investigating small-scale struc-
tures on the order of nanometers, and have difficulties to deal with 
thermal transport across grain boundaries. Therefore, we employ a 
finite element approach to simulate the heat transfer across multiple 
grain boundaries. Fig. 5(a) shows the square-shaped 2D structure 
that models the in-plane thermal transport in the SnS2 film. To si-
mulate the crystal grains, Voronoi cells were constructed with an 
average grain size of 250 nm, a statistically approximate value from 
the TEM image (Fig. 4(b)). The initial temperature of the whole 
structure is set at T0 = 300 K, and the right edge is the cold side kept 
at 300 K. A heat flux J = 50 μW/m2 is applied at the left hot side, as 
shown in Fig. 5(a). It is important that the local distribution of crystal 
grains, other than the average grain size, does not affect the calcu-
lated result. This was ensured by increasing the simulation length L 
(> 5 µm) to include a sufficiently large number of Voronoi cells in the 
model. When the temperature gradient reaches steady state, it is 
linked to the heat flux through the Fourier law. 

=J T L (3) 

where к is the thermal conductivity of the polycrystalline film and L 
is the sample length. L was chosen to be 6 µm as it is large enough for 
the aforementioned reason, and meanwhile it corresponds to the 
diameter of the hole over which the sample is suspended. к within 
each crystal grain (or Voronoi cell) is assumed to be constant and 
equal to the к value of the 77 nm-thick single-crystalline SnS2 

(8.71 Wm−1 K−1) obtained from the measurement. The grain 
boundary thermal conductance, G, is assumed to be constant for all 
grain boundaries and treated as a fitting variable in the simulation 
such that the temperature gradient in Eq. (3) results in a к value 
equal to that of the 76 nm-thick polycrystalline SnS2 (5.64 Wm−1 

K−1). The effective G is obtained to be ~60 MW m−2 K−1. This G value 
is close to the grain boundary conductance of polycrystalline MoS2 of 
86.4 MW m−2 K−1 [30]. 

Using the extracted grain boundary conductance of 60 MW m−2 

K−1, and the inner-grain к of 8.71 W m−1 K−1, one can study the effect 
of grain size on к of polycrystalline films by varying the Voronoi cells 
with an average grain size in the range of 150–1000 nm. As plotted 
in Fig. 5(c), the polycrystalline к increases with the increasing grain 
size, with a dramatic rise when the average grain size is smaller than 
400 nm. From 800 nm onward, the polycrystalline к grows slowly, 
and approaches к of single-crystalline SnS2. This result indicates that 

Fig. 3. In-plane к of single-crystalline and polycrystalline SnS2 at various thicknesses 
at 300 K. Shown for comparison are the values of single-crystalline monolayer SnS2 

(calculation), single-crystalline 16 nm-thickness SnS2 (MTMP measurement), and bulk 
SnS2 (photo-deflection measurement). 

Fig. 4. (a) HRTEM micrograph of single-crystalline SnS2. Inset: the SAED pattern of single-crystalline SnS2 and low magnification TEM image. (b) TEM micrograph of poly-
crystalline SnS2 showing the average grain size about 250 nm. Inset: the SAED pattern (left) and statistical bar chart (right) of the grain size. 
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the grain size is a key parameter for tuning the к of polycrystal-
line SnS2. 

In addition to the finite element simulation, the grain boundary 
conductance (G′) can be estimated with the measured thermal 
conductivities of single-crystalline (77 nm thick) and polycrystalline 
(76 nm thick) SnS2 films by the following equation [43,44], 

=
+ ×

G L( , )
1

poly eff
single

L G
single

eff (4) 

where Leff is the effective grain size (or the average grain size). A 
value of G′ = 64 MW m−2 K−1 is obtained, consistent with that cal-
culated by the finite element method. The к - Leff relation calculated 
using Eq. (4) is also plotted in Fig. 5(c), closely matching the finite- 
element calculation. It is found that к of polycrystalline SnS2 drops 
substantially to below 1 W m−1 K−1 when the grain size is less than 
15 nm, which is commonly achievable for CVD-grown SnS2 films  
[8,23]. This demonstrates the great prospect of polycrystalline SnS2 

with finer grains for thermoelectric applications. Fig. 5(c) also plots 
the к- Leff curve with a G′ value modified by ± 50%. When G′ increases 
from 64 MW m−2 K−1 to 96 MW m−2 K−1, the relative change in к is 
greater with a smaller grain size (Fig. 5(d)), which highlights the 
contribution of phonon grain boundary scattering in the thermal 
transport in polycrystalline nanofilms. 

4. Conclusion 

In summary, the thermal transport properties of SnS2 nanofilms 
with different crystallinities have been characterized using the 

Raman optothermal method. The mechanically exfoliated single- 
crystalline SnS2 nanofilms have an in-plane к of from 8.3 to 
11.8 W m−1 K−1 with a thickness of 45–171 nm, whereas the CVD 
polycrystalline SnS2 nanofilms have an in-plane к from 4.8 to 
5.6 W m−1 K−1 with a thickness of 60–98 nm. A finite element 
thermal model has been used to simulate the effect of crystal 
grains on the thermal transport, revealing an effective grain 
boundary conductance of ~60 MW m−2 K−1, consistent with the 
result obtained from the empirical equation. Model results also 
predict that the in-plane к of the polycrystalline SnS2 nanofilm can 
be further reduced to below 1 W m−1 K−1 if the average grain size 
shrinks to ~15 nm, demonstrating its great potential for thermo-
electric applications. 
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