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1. Introduction

Recently, 2D semiconductor materials 
with lamellar structures have emerged as 
a promising candidate for a replacement 
and/or complement to silicon. Transi-
tion metal dichalcogenides (TMDs) are 
the most known 2D semiconductors with 
the chemical formula MX2, consisting 
of an atomic plane of a transition metal 
(M = Mo, W, Re, Sn, and so on) sand-
wiched between two chalcogen atomic 
planes (X = S, Se, Te).[1] 2D TMDs show a 
wide range of electronic, optical, chemical, 
and thermal properties that have attracted 
great attention because of their potential 
applications, such as electronics, optics, 
and catalysis.[2–18] Among them, MoS2 
has been the most widely studied one, 
which has an indirect bandgap of 1.29 eV 
in the bulk form, but interestingly, under-
goes a transition toward a direct bandgap 
of 1.9 eV in the form of a single atomic 
layer.[19,20] While MoS2 has shown its great 
significance for fundamental research and 

various applications, other TMDs may provide important access 
to new physics or novel devices as well.[21–25]

As one of the promising materials, 2D SnS2 is an environ-
ment-friendly and earth abundant semiconductor material, 
which makes it as an important building block for sustainable 
clean energy electrocatalysis, electronic, and optoelectronic 
applications.[26] SnS2 has an indirect bandgap of 2.08–2.44 eV, 
high optical absorption coefficient exceeding 104 cm−1, making 
SnS2 promising for single or tandem photoanodes or photovol-
taics.[27] Additionally, its large bandgap may also take the advan-
tages of suppressing drain to source tunneling for short chan-
nels in the aggressively integrated circuits nowadays.[13,28–30] 
MoS2 nanoparticles or nanosheets are potential electrocatalysts 
for hydrogen evolution reaction (HER), and metallic 1T-MoS2 
can be much more active than semiconducting 2H-MoS2, 
which have been indicated by experimental and theoretical 
studies.[13] The energies of the conduction and valence bands 
of SnS2 single crystal range over the oxidation and reduction 
potentials of water, making it promising for water splitting.[27] 
Furthermore, the interlayer spacing of SnS2 provides sites for 
intercalation of Cu or Co ions. Co intercalated SnS2 exhibits 
a metal-like behavior with sheet resistance comparable to 
that of graphene.[41] The metallic Co-SnS2 can be much more 

2D layers of metal dichalcogenides are of considerable interest for high-
performance electronic devices for their unique electronic properties and 
atomically thin geometry. 2D SnS2 nanosheets with a bandgap of ≈2.6 eV 
have been attracting intensive attention as one potential candidate for 
modern electrocatalysis, electronic, and/or optoelectronic fields. However, 
the controllable growth of large-size and high-quality SnS2 atomic layers 
still remains a challenge. Herein, a salt-assisted chemical vapor deposi-
tion method is provided to synthesize atomic-layer SnS2 with a large crystal 
size up to 410 µm and good uniformity. Particularly, the as-fabricated 
SnS2 nanosheet-based field-effect transistors (FETs) show high mobility 
(2.58 cm2 V−1 s−1) and high on/off ratio (≈108), which is superior to other 
reported SnS2-based FETs. Additionally, the effects of temperature on the 
electrical properties are systematically investigated. It is shown that the 
scattering mechanism transforms from charged impurities scattering to 
electron–phonon scattering with the temperature. Moreover, SnS2 can 
serve as an ideal material for energy storage and catalyst support. The 
high performance together with controllable growth of SnS2 endow it 
with great potential for future applications in electrocatalysis, electronics, 
and optoelectronics.
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active than its semiconducting counterpart as electrocatalysts 
for HER. Therefore, the controllable synthesis of high-quality, 
large-scale atomic-layer SnS2 is the first step for its industrial 
applications in catalysis and electronics at the system level.[31,32]

So far, several methods including mechanical exfoliation 
(ME),[26,28,33–35] solution-based processes,[36–38] and chemical 
vapor deposition (CVD)[30–32,39–41] are adopted to prepare thin 
slabs of 2D SnS2 for basic research purpose. However, 2D 
materials obtained by solution-assisted process or exfoliation 
of bulk material lack the controllability in uniformity, size, and 
thickness of the nanosheets, which may hinder its industrial 
applications in catalysis and electronics. CVD is known to be 
the most successful method for the synthesis of single-crystal-
line 2D semiconductors, due to the advantage over the precise 
control on morphology, defects, and structure of final products, 
particularly on large-scale atomic layer 2D material such as 
MoS2, MoSe2, and their heterostructures.[42,43] Although large-
scale SnS2 sheets have been synthesized via CVD, there are 
some problems, such as limitation in size and the difficulties in 
controlling the uniformity and the thickness of the final prod-
ucts, which dominate the layered semiconducting properties 
responsible for large-scale industrial catalysis and device appli-
cations. Thus, the growth of large-scale and high-quality SnS2 
with a controlled number of layers for practical applications is 
still needed.[31]

Herein, using a simple and scalable salt-assisted CVD 
method, we successfully synthesize large-size and high-quality 
SnS2 atomic layers. The lateral size of SnS2 can be as long as 
410 µm and the layer numbers can be controlled from bilayer 
to bulk. The relationship between thickness and Raman active 
phonon mode was established, allowing the direct determina-
tion of the SnS2 layer number through Raman spectroscopy. 
The high-quality lattice of SnS2 with 2H stacking between 
different layers was observed by atomic resolution scanning 
transmission electron microscopy (STEM). Furthermore, the 
ultrathin SnS2 nanosheet-based field-effect transistors (FETs) 
show a high on/off ratio about 108 and a carrier mobility of 
2.58 cm2 V−1 s−1, suggesting the potential applicability of SnS2 
in low-power consumption FETs. Additionally, such a good per-
formance of 2D SnS2 together with its controllable approach 
would allow us to unlock its electrocatalytic abilities for energy 
storage applications such as HER, oxygen evolution reaction 
(OER), and oxygen reduction reaction (ORR).

2. Results and Discussion

Large-size ultrathin SnS2 nanosheets were synthesized via a 
salt-assisted CVD method, which is schematically illustrated 
in Figure  1a. Salt-assisted CVD method can be applied for the 
synthesis of a wide variety of the 2D TMDs. The salt is added 
as the reactant to decrease the melting and boiling point of the 
metal precursors and facilitate the formation of intermediate 
products, increasing the overall reaction rate. Briefly, a mix-
ture of SnO2 and KI was utilized as the metal precursor and 
was put at the center of the heating zone. KI can increase mass 
flux by reducing the melting point of SnO2, thus increasing 
the rate of the reaction.[15] More details can be found in the 
Experimental Section. Low-magnification optical microscopy 

(OM) and scanning electron microscope (SEM) images are 
shown in Figure 1b and Figure S2a,b in the Supporting Infor-
mation, respectively. We can see that the large amounts of 
SnS2 nanosheets with average side length over 100 µm were 
uniformly distributed on the SiO2/Si substrate. Figure 1c,d 
shows enlarged OM images of the as-grown SnS2 nanosheets. 
Figure 1c,d reveals that the lateral size of SnS2 nanosheets with 
high uniformity can be as long as 270 µm. The largest crystal is 
about 410 µm in edge [see Figure S1b in the Supporting Infor-
mation; Figure 1e]. The large size of SnS2 can promote device 
fabrication and corresponding characterizations. A SEM image 
of a triangular-shaped SnS2 nanosheet depicted in Figure 1f 
indicates that the SnS2 nanosheet has a clean and ultrathin sur-
face. Atomic force microscopy (AFM) image of as-grown SnS2 
nanosheet is shown in Figure 1g. The section analysis [inset of 
Figure 1g] shows a thickness of about 1.5 nm, which confirms 
the bilayer feature.

From Figure 1, we can see that different shapes varying from 
triangle, windmill, to dendritic were achieved in this work. The 
shape of SnS2 mainly depends on the distance between sub-
strate and the mixture of SnO2 and KI. For a short distance, the 
vapor pressure is relatively large, contributing to an irregular 
shape like the image in Figure 1d, in which SnS2 first grows 
along three directions at an angle of 120° while the growth 
rate along other directions is distinctly slower. As shown in 
Figure 1c, the difference of growth rate becomes smaller when 
the distance becomes longer. For a larger distance, the vapor 
pressure is appropriate to ensure consistent growth rates 
along different directions and finally SnS2 nanosheets with a 
common triangle shape can be obtained.

To develop further insight into the composition and chem-
ical states of the as-grown SnS2 nanosheet, X-ray photoelectron 
spectroscopy (XPS) was performed. A representative XPS spec-
trum of SnS2 is shown in Figure  2a. The Sn 3d peak splits due 
to spin–orbit coupling to form separate peaks 3d3/2 and 3d5/2 at 
binding energy of 495.3 and 486.8 eV, respectively, indicating 
Sn4+ oxidation state. In the case of anions, for S we observe 
two characteristic peaks corresponding to 2p3/2 (163.7 eV) and 
2p1/2 (164.8 eV), confirming it as S2− state. Raman spectros-
copy is a versatile tool for the study of the crystal structure, 
quality, and the number of layers of 2D material, such as gra-
phene, MoS2, and others.[32,44,45] Figure 2b,c shows an optical 
image of a triangular SnS2 single crystal and its corresponding 
Raman intensity mapping at 315 cm−1, respectively. The uni-
form Raman intensity in the map indicates highly homoge-
neous distribution of SnS2 across the sheet. The regular color 
change of the optical image reflects the thickness and number 
of layers.[46] An optical image of SnS2 nanosheet with different 
layers is shown in Figure 2d. From the edge to the center, the 
optical color contrast between different layers is clear. Clearly, 
the bright yellow regions indicate bulk Sn2 crystal, while the 
atomic layers appear in blue color. Bilayer, three-layer, and four-
layer regions are marked as 2, 3, and 4, respectively, which are 
selected on purpose to study the layer number dependence of 
Raman spectra. Figure 2e depicts the typical Raman spectra 
of a multilayer SnS2 characterized by a 532 nm laser recorded 
at room temperature. The most intense peak at 315 cm−1 is 
assigned as A1g mode, which belongs to the characteristic peak 
of SnS2. The frequency of A1g mode shows a blueshift as the 
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thickness increases. Figure 2f shows the layer number depend-
ence of A1g peak, in which the intensity and the peak position 
both have an obvious increase. Specifically, from the bilayer 
to four-layer samples, the peak shifts from 311.5, 312.2, to  
313.4 cm−1. These changes give a quick and accurate way to 
determine the thickness of the SnS2 atomic layers.

The investigations of the vibrational properties of TMDs are 
important to study the electron–phonon interaction, which plays 
a remarkable role in the electronic behavior of nanodevices and 
can affect the charge carrier mobility.[47–50] A systematic study 

of the vibrational properties of CVD grown in a wide tempera-
ture range is still lacking in the literature. Figure 2g represents 
typical Raman shift of bilayer and few-layer SnS2 versus tem-
perature plots. It is clearly seen that there is a redshift trend 
in the peak positions with increasing the temperature. Further, 
an increase in the full width at half maximum (FWHM) of the 
peak was observed for different layers of SnS2 with increasing 
temperature recorded in this work. Figure S3a–d shows the 
temperature dependent Raman spectroscopy studies of SnS2 
from bilayer to a few layers. Apparently, the temperature 
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Figure 1. a) Schematic representation for the synthesis process of SnS2 by CVD. b) A low-magnification optical image to show high yield of SnS2 
atomic layers. c,d) The typical optical microscopy images of SnS2 single crystals. The lateral size of the SnS2 single crystals can be as long as 270 µm. 
e,f) SEM images of as-grown SnS2. The large-scale SnS2 atomic layer is shown in (e), which is larger than 400 µm. g) AFM image of a resultant bilayer 
SnS2. The inset is height profile along the white dashed line in (g).
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dependence of the Raman spectra of SnS2 with different thick-
ness is similar to each other. Figure 2h shows the typical plots 
for Raman spectra peak positions as a function of temperature 
for SnS2 with different thickness. The Raman modes decrease 
linearly with the temperature range from 150 to 400 K. The 
Raman peak positions for A1g mode of different layered SnS2 as 
a function of temperature were calculated by fitting the Lorent-
zian functions given by the following equation[48] 

T T( ) 0ω ω χ= +  (1)

where ω0 and χ are the peak position of A1g mode at zero 
Kelvin temperature and the first order temperature coefficient 
of A1g mode, respectively. The temperature coefficient χ comes 
from the slope of the fitted straight line. The calculated values 
of temperature coefficients χ are −0.0147, −0.0130, −0.0143, 
and −0.0134, corresponding to bilayer, 3-layer, 4-layer, and few-
layer, respectively. The change in the peak positions with the 
temperature is mostly due to the contribution from the thermal 
anharmonicity, i.e., from thermal expansion and volume contri-
bution. The FWHM of A1g mode as a function of temperature 
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Figure 2. a) XPS spectrum showing binding states of S 2p and Sn 3d. b) Optical image of a triangular SnS2 single crystal and c) the corresponding 
Raman mapping of the A1g mode. d) Optical microscopy image of ultrathin SnS2 with different layers, the layer numbers are marked out. e) Raman 
spectra of SnS2 layers from bilayer to few-layer, the laser wavelength is 532 nm. f) Frequency (left vertical axis) and peak intensity (right vertical axis) of 
A1g Raman mode for SnS2 as a function of layer thickness. g) Raman spectra of bilayer and few-layer SnS2 at different temperatures. h) Raman spectra 
peak position of A1g mode as a function of temperature for different layered SnS2. i) FWHM of A1g mode as a function of temperature for different 
layered SnS2.
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for different layered SnS2 is shown in Figure 2i. The broad-
ening in FWHM with temperature is mainly due to the contri-
bution from the decay of a zone center optical phonon into one 
acoustic and one optical phonon.[48]

Then, we used high-resolution transmission electron micro-
scope (HRTEM) equipped with an energy-dispersion X-ray 
detector to further confirm the atomic structure and quality 
of the KI assisted growth of SnS2. Figure  3a shows the mor-
phology of the bright field images of as-transferred SnS2, 
confirming a smooth and clear surface. Figure 3b depicts the 
high-resolution transmission electron microscope of the corre-
sponding area in Figure 3a. A clear hexagonal structure without 

atomic vacancies or distortions can be observed from the TEM 
image. The lattice distance is measured to be 0.32 nm, which 
can be assigned as (100) plane of SnS2 and agrees well with 
the known value of 0.317 nm for SnS2 crystal. The selected-
area electron diffraction (SAED) image in the inset of Figure 3b 
further confirms the hexagonal lattice of SnS2 and the strik-
ingly high crystal quality of as-grown SnS2. The atomic reso-
lution high-angle annular dark field (HAADF) image of SnS2 
is shown in Figure 3c, where the intensity contrast of bright 
and dark atoms corresponds to the Sn and S atoms, respec-
tively. Inset of Figure 3c shows the enlarged TEM image. From 
the top view, it is clear that one Sn atom is surrounded by six 
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Figure 3. a) Conventional TEM image of the sample. b) ADF-STEM image of SnS2, inset shows the corresponding FFT pattern, revealing the hex-
agonal structure and high crystal quality. c) ADF-STEM image of SnS2 shows its perfect hexagonal lattice. Inset shows the enlarged TEM image.  
d–f) Corresponding EDS mapping of SnS2, Sn, and S, respectively. g) Schematic diagram of the side view and top view of hexagonal structure of SnS2.
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nearest-neighbor S atoms, which is the feature of the 1T phase. 
Figure 3g represents the side and top view atomic structure of 
1T phase of SnS2. As 1T structure of monolayer SnS2, the 2H 
stacking of each monolayer SnS2 is similar to the bulk crystal, 
where the sulfur and tin in one layer aligned with sulfur and 
tin in another layer, forming a sandwich-like structure. Fur-
thermore, energy dispersive X-ray spectroscopy (EDS) mapping 
was employed to explore the chemical compositions of SnS2 
nanosheet shown in Figure 3d–f, indicating the unform distri-
bution of Sn and S elements. The EDS spectrum of the SnS2 
nanosheet depicted in Figure S4b in the Supporting Informa-
tion shows clear signals of S and Sn with an atomic ratio of 

1.95:1, which confirms that SnS2 samples grown by CVD are 
n-type semiconductors because of sulfur deficiency.[41]

To further illustrate the potential application of SnS2, back-
gated FETs were fabricated on heavily doped silicon substrates 
with a 300 nm SiO2 layer. Figure  4a,d shows the schematic 
and optical image of a typical SnS2 FET device, respectively. 
The patterned Ni/Au (2/50 nm) electrodes were deposited 
by thermal evaporation, with a channel length of 5 µm and 
width of 20 µm. Concrete details can be found in the Experi-
mental Section. The output and transfer characteristics of the 
device recorded at room temperature in the dark condition are 
shown in Figure 4b,c. The drain–source current as shown in 
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Figure 4. a) Schematic diagram of the SnS2-based FET. b,c) Electrical output and transfer curve of SnS2 device. Back-gate voltage (VGS) sweeping: −40 
to 60 V; source–drain bias (VDS): 1 to 3 V. d) A typical optical image of a SnS2 device on 300 nm SiO2/Si. e,f) Measurement-temperature-dependent 
electrical output and transfer curve of SnS2 device. g) The temperature dependence of IDS is plotted using the thermally activated transport model for 
different values of VGS. h) Dependence of activation energy Ea on VGS. i) Field effect mobility as a function of temperature.
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Figure 4b linearly increased as the bias rising from −3 to +3 V,  
indicating an ohmic contact between Ni/Au electrodes and 
SnS2 channel. As the gate voltage is swept from VGS = −100 
to +100 V, the FET SnS2 conduction channel switches from an 
insulating state to a conducting state. This n-type FET behavior 
in the SnS2 device agrees with EDS result (sulfur deficiency), 
indicating electron doping in as-grown SnS2 materials. When 
a positive gate voltage is applied, electrons (the majority car-
rier) are accumulated in the conduction channel so that the 
current IDS first increases and then tends to saturate at higher 
voltage. At negative VGS, electrons are depleted, resulting in a 
suppressed electrical conductance. The corresponding on/off 
current ratio, extracted from the logarithmic plot of IDS versus 
VGS (Figure 4c), is found to exceed 107, which is an order of 
magnitude higher than the previously reported value (106) of 
mechanical exfoliated SnS2.[28,33] The field effect mobility (µe) 
of the ultrathin SnS2 channel can be calculated by the following 
equation

I

V

L

WC Vi

d

d
e

DS

DS DS

µ = ⋅
 

(2)

where L and W are the length and width of the device, and 
Ci is the capacitance per unit area (11.6 nF cm−2 for 300 nm 
SiO2 layer in these experiments).[28] The calculated µe is about  
2.58 cm2 V−1 s−1 at room temperature, which is comparable 
with those SnS2 FETs recently reported.[29,30]

To better understand the device physics, the cool-down meas-
urements for the same device were also carried out. Figure 4e,f 
shows the typical output and transfer curves at various tem-
peratures. With decreasing the temperature, the subthreshold 
slope of the FET becomes steeper, indicating a suppression of 
the substrate doping effect. The OFF current decreases signifi-
cantly during the cooling. From these transfer curves, we find 
that the temperature variation of a typical conductance, G in 
the temperature regime between 100 and 325 K, can be mod-
eled with thermally activated transport[51]

G G T E k T( )e0
/a B= −

 (3)

where Ea is the activation energy, kB is the Boltzmann con-
stant, and G0(T) is the temperature related parameter. Figure 4g 
shows the curve of lnIDS versus 1/T for different VDS values. 
The good agreement of the data with the activation model 
suggests that charge transport is thermally activated. From a 
linear fitting, the Ea value of 18 meV for VGS = 100 V can be 
extracted, which is much smaller than the bandgap of SnS2. 
This may result from the depth of the donor band located above 
the valence band caused by impurities or defects.[52] From the 
temperature dependence of conductance for different VGS, the 
activation energy Ea dependence on VGS can be extracted, which 
is shown in Figure 4h. When barrier tunneling becomes the 
dominant mechanism for charge carrier injection, the Ea devi-
ates from the linear trend, from which we estimate a Schottky 
barrier height for the charge carrier injection from gold elec-
trodes into SnS2 of φSB ≈ 38 meV. This value is relatively small 
and does not have a significant influence on the mobility extrac-
tion. The temperature-dependent mobility of the FET is sum-
marized in Figure 4i. Below 275 K, we observe a decrease of 

the mobility as the temperature down to 100 K. In this case, 
mobility is limited by scattering from charged impurities.[51] 
The mobility decreases with increasing the temperature, from 
the peak value of 1.88 cm2 V−1 s−1 at a measurement-temper-
ature of 275 K. This behavior is related to electron–phonon 
scattering that becomes the dominant mechanism at higher 
temperature. We fit the high measurement-temperature regime 
(T ≥ 275 K) with the generic temperature dependence of the 
mobility µ ∼ T−α, where the exponent depends on the domi-
nant phonon scattering mechanism. In this power-law depend-
ence T−α, α = 1 results from pure acoustic phonon scattering. 
When optical phonon scattering starts to dominate at higher 
temperature, the temperature dependence of mobility becomes 
stronger with α > 1. In this regime, exponent relies on the 
optical phonon frequencies and electron–phonon coupling 
strength. From the fitting, we find the value of α = 1.69. The 
theoretical prediction value of α for monolayer MoS2 is 1.69.[53] 
Figure S5a,b in the Supporting Information represents the 
temperature dependence of IDS (at VDS = 3 V, VGS = 0 V) and 
on/off ratio, respectively. With increasing the temperature, 
IDS increases, reaching a maximum value of 0.024 µA µm−1 at 
325 K, and then decreases at higher temperatures. The on/off 
ratio decreases linearly with the temperature.

We also employ the FETs based on CVD-grown SnS2 
nanosheets as photodetectors. Figure  5a presents IDS versus 
VDS curves at VGS = 0 V under illumination with various 
laser power. As the illumination intensity increases from 0 to  
313 mW cm−2, the conductance raises by a factor of 22. Under 
illumination with a laser (the wavelength of 407 nm), electrons 
are injected into the conduction band and holes are left in 
the valence band. Both the photoinduced electrons and holes 
take part in the photoconductivity process. As can be seen in 
Figure 5b, we plot the dependent curve of photocurrent (Iph) 
versus light power intensity (P). We also fit the curve with a 
power law, Iph ∼ Pγ, where the exponent γ generally locates 
in the range between 0 and 1 and reflects a complex process 
including the generation, separation, and recombination of 
photoinduced electron–hole pairs.[54] From the fitting, we 
observe the value of γ = 0.87, indicating the high quality of SnS2 
with few defects or traps. Due to energy levels inside the SnS2 
bandgap serving as charge trap states, electrons or holes would 
be trapped by trapping center. For example, if holes are trapped 
near the valence band, the electrons will stay in the conduc-
tion band for a longer time before combining with the holes. 
This effect leads to effective n-type doping and high external 
quantum efficiency but longer response time. In Figure S6 in 
the Supporting Information, the dark-state IV curve is slightly 
nonlinear with respect to the bias polarity, indicating the exist-
ence of a Schottky barrier between the electrodes and SnS2. As 
the illumination intensity increases, the I–V curves become 
more and more linear and symmetric, due to photoinduced 
hot-carrier transport over the contact barriers. The pulse-
response of a typical SnS2 device is shown in Figure S6 in the 
Supporting Information. The long rise and fall times suggest 
that long-lived charge traps, which may result from the inter-
face conditions between SnS2 and SiO2, are responsible for the 
observed slow response. These two factors, i.e., high external 
quantum efficiency and longer response time indicate the 
existence of trap states.

Small 2019, 15, 1904116
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The performance of ultrathin SnS2 nanosheet in the pre-
sent work in comparison with many previously reported SnS2 
and other TMDs material-based devices are summarized in 
Figure 5. It is clear that the electrical properties of our SnS2 
FETs can rival or even surpass reported SnS2 and other TMDs. 
The best mobility of our SnS2 is 2.58 cm2 V−1 s−1, which is 
comparable to that of mechanical exfoliated SnS2, which may 
result from the excellent crystallinity of the SnS2 and the good 
contact between the electrodes and SnS2 channel. Additionally, 
the S-atom deficiency, traps induced during the growth process 
may also contribute to the good performance of SnS2. The on/
off ratio from our SnS2 FETs exceeds 107 and can be as high 
as 108. Furthermore, the lateral size of SnS2 in the work can 
be as long as 410 µm, which can facilitate the scale-up device 
construction. Such excellent performance can be explained by 
high-quality character, large specific surface area, and surface 
trap states. The high surface areas are crucially important for 
energy storage, catalysis, and field-emitting applications. More-
over, the large-scale and high-quality SnS2 sheets combined 
with intercalation engineering provide possibilities for the 
research of microcosmic mechanism regulated by electric field 
in HER.

Although, the performance of SnS2 in this work is superior to 
other reported SnS2-based FETs. In order to further improve the 

performance of SnS2, we can reduce the amount of KI without 
deteriorating the growth of SnS2. In addition, after taking out 
the samples from the furnace, the residual KI can be removed 
by soaking them in methanol or acetone immediately. What’s 
more, KI can be replaced by SnC2O4 to avoid the effect of K 
and I ion during the growth process. The melting point and the 
vapor pressure of pure SnO2 can be decreased and increased by 
a small amount of SnC2O4, respectively. The crystal quality may 
be improved if the ions of K and I were not introduced, which 
would be verified latter in the future experiments.

3. Conclusion

In conclusion, we synthesized large-size and high-quality 
ultrathin SnS2 nanosheets with the lateral size of up to 410 µm 
via a KI assisted CVD method. Employing the salt can decrease 
the melting point of the reactants and facilitate the formation 
of intermediate products, which may contribute to forming 
a stable condition for growth of large-size nanosheets, might 
paving the way for electronics and optoelectronics applica-
tions. The as-grown SnS2 nanosheets can be thinned to 1.5 nm 
(bilayer) in the present conditions. Specially, our ultrathin 
SnS2 nanosheet-based FETs exhibit excellent performance, 

Figure 5. a) The drain current (IDS) of SnS2 phototransistor at VGS = 0 V with different illumination powers from a laser with an excitation wavelength 
of 407 nm. b) The power-dependence of the photocurrent of SnS2 phototransistor at VDS = 3 V. c) The mobility and on/off ratio, and d) lateral size and 
thickness of our SnS2-based FET as compared to recently reported FETs based on SnS2 and other TMDs.
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including high mobility (2.58 cm2 V−1 s−1) and high on/off 
ratio (exceeding 107), superior to other reported SnS2-based 
FETs. Furthermore, we systematically investigated the effects 
of temperature on electrical properties. Below 275 K, mobility 
is limited by scattering from charged impurities. While elec-
tron–phonon scattering becomes the dominant mechanism at 
higher temperature. Such a good performance of wide bandgap 
of 2D SnS2 together with its controllable approach may open up 
opportunities for the emerging 2D materials in future applica-
tions of electrocatalysis, electronics, and optoelectronics.

4. Experimental Section
Growth of SnS2 Layers: Large-scale SnS2 nanosheets were grown via 

CVD method by using sulfur (S) and tin oxide (SnO2) as precursors. 
Specifically, a powder mixture of 1 mg KI and 10 mg SnO2 in an alumina 
boat was placed at the center of the furnace and SiO2/Si substrates were 
placed on the top with the polished surface down. The temperature of 
the furnace was first heated to 650 °C with a ramp rate of 50 °C min−1 
and this temperature was retained for another 5 min for the growth. 
200 mg S was placed in an alumina boat at the upstream and the 
temperature of S was about 200 °C during the growth. Argon with a flow 
rate of 50 sccm was used as carrier gas and to keep an inert atmosphere. 
The whole process was under atmospheric pressure.

Fabrication of Devices: The source and drain electrodes were patterned 
on few-layer SnS2 using electron beam lithography (EBL). The Ni/Au 
(2/50 nm) electrodes were deposited using the thermal evaporator, 
followed by the lift off process. The heavily Si substrate and the SiO2 of 
300 nm served as the back-gated electrode and dielectric, respectively. 
Electrical measurements were performed using a Janis ST-500 cryogenic 
probe station at the base pressure of 10−6 Torr. The device electrodes 
were connected to a Keithley 4200-SCS semiconductor parameter 
analyzer. The laser with the wavelength of 407 nm was used to measure 
the photoresponse of the devices.

Characterizations: SEM was performed using a Zeiss scanning 
electron microscope at the accelerating voltage of 10 kV. The 
morphology and thickness of SnS2 flakes were characterized using 
commercial atomic force microscope system (Dimension Icon, Bruker) 
with ScanAsyst modes. Raman spectra were recorded using a confocal 
micro-Raman spectrometer (Jobin-Yvon LabRAM HR Evolution, Horiba) 
with the excitation laser of 532 nm and a THMSE 600 heating/cooling 
stage (Linkam Scientific Instruments) in the temperature range from 
150 to 400 K with a resolution of 0.1 K. Chemical configurations were 
determined by XPS (Phi V5000). XPS measurements were performed 
with an Mg Kα X-ray source on the sample. The energy calibrations were 
made against the C 1s peak to eliminate the charging of the sample 
during analysis. EDS elemental analysis was performed by JEOL ARM-
200CF. The SnS2 nanosheets were transferred onto a copper grid for 
TEM observation. STEM imaging was performed on JEOL ARM-200CF 
operated at 80 kV.
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