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Research on two-dimensional (2D) metal dichalcogenides is rapidly expanding owing to their unique

characteristics that do not exist in bulk materials. The industrially compatible development of these emer-

ging materials is indispensable to facilitate the transition of 2D metal dichalcogenides from the research

stage to the practical industrial application stage. However, an industrially relevant method, i.e., the low-

temperature synthesis of wafer-scale, continuous, and orientation-controlled 2D metal dichalcogenides,

still remains a significant challenge. Here, we report the low-temperature (≤350 °C) synthesis of uniform

and continuous n-type SnS2 thin films via the combination of atomic layer deposition (ALD) of tin oxides

and subsequent sulfurization. Well-crystallized and aligned SnS2 layers parallel to the substrate are

demonstrated through the phase engineering of the ALD-grown tin oxide and the substrate surface. The

additional H2S plasma treatment at 300 °C leads to the formation of stoichiometric SnS2. The formation

of conformal SnS2 layers over a three-dimensional undulating hole structure is confirmed, which reveals

the potential for applications beyond the planar structured architecture. The present results could be a

step toward the realization of 2D metal dichalcogenides in industry.

Introduction

The technical demands on existing commercial devices far out-
strip their current performance, necessitating significant inno-
vation in the technologies that yield new device architectures
and/or new materials. Two-dimensional (2D) metal dichalcogen-
ides such as MoS2 and WS2 have unique electrical and optical
properties and hence attract tremendous interest as new
materials for a variety of applications, including transistors,
sensors, and photodetectors.1–6 Besides exploring the prospec-
tive functions of the materials, the development of industrially

relevant growth techniques is essential to realize the potential
of 2D metal dichalcogenides in emerging devices. From the per-
spective of technical application, the growth technique should
provide excellent uniformity and a full coverage on a large scale.
A low process temperature (≪500 °C) is critical for the inte-
gration of the materials in devices. Furthermore, the conformal
growth of 2D metal dichalcogenides on a complex structure
would help realize three-dimensional (3D) integrated devices.

Various growth methods have been proposed to date for the
synthesis of 2D metal dichalcogenides. In particular, chemical
vapor deposition (CVD) has been introduced to form well-crys-
tallized films comprising grains with sizes of several tens of
micrometers.7,8 However, the CVD of continuous films on a
large-area has been rarely reported.9,10 In principle, the struc-
tural properties and spatial uniformity of CVD-grown 2D metal
dichalcogenides are extremely sensitive to thermodynamic
parameters, including the growth temperature and precursor
concentration. The process adopted for the batch production
of 2D metal dichalcogenides should be tolerant to fluctuations
in the thermodynamic parameters. The extremely narrow
window in the CVD process for the synthesis of 2D metal
dichalcogenides is an obstacle in industrial applications. In
addition, CVD requires a high temperature (>700 °C) for high
crystallinity and effective control of the nucleation kinetics,
which is not industrially feasible.
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The abovementioned two challenges—poor process toler-
ance and high process temperature—must be addressed via
two different approaches based on modification of the pro-
cesses and materials. Growth techniques based on a self-limit-
ing mechanism are desirable for the synthesis of 2D metal
dichalcogenides. In particular, atomic layer deposition (ALD),
a representative technique based on the self-limiting mecha-
nism, has wide tolerance for thermodynamic parameters such
as the vapor pressure of the precursors. Hence, the direct ALD
growth of layered materials or sulfurization of ALD-grown
oxides is advantageous for full coverage growth and spatial
uniformity in the film thickness, as well as the grain size of 2D
metal dichalcogenides on a wafer-scale area. Materials with a
low melting point (Tm) are favorable for lowering the growth
temperature. In this regard, SnS2 is worthy of consideration
because its Tm (869 °C)11 is substantially lower than that of
representative 2D metal dichalcogenides such as MoS2 (Tm:
1185 °C) and WS2 (Tm: 1250 °C). Such a low Tm of SnS2
enables the direct growth of high quality SnS2 on a substrate
without a transfer process.

SnS2 is an intrinsic n-type layered semiconductor similar to
MoS2. Its reported bandgap (2.1–2.77 eV)7,12,13 is significantly
larger than that of MoS2, which allows for clear switching
(high on/off current ratio) in thin-film transistor (TFT) appli-
cations. The electron mobility in SnS2 is ∼230 cm2 V−1 s−1,14

which is comparable to that (>200 cm2 V−1 s−1)1 in MoS2. In
addition, the electron affinity in SnS2 is larger than that in
MoS2;

15,16 therefore, SnS2 enables true Ohmic conduction in
junctions with source/drain electrodes. SnS2 shows perform-
ance comparable to that of MoS2 in a variety of applications
such as TFTs,17,18 photodetectors,19 and sensors.20

Here, we report a wafer-scale synthesis of continuous SnS2
layers by sulfurization combined with the ALD of tin oxides.
The overall process was executed under a stringent thermal

limit of ≤350 °C. Such a low process temperature and the
wafer-scale uniformity of SnS2 validate the industrial compat-
ibility of this sulfurization. Herein, the critical features of this
process, including the chemical composition, orientation pre-
ference, and morphology evolution, are systematically studied.
We demonstrate that oxide phases such as SnO2 and SnO
determine the sulfurization kinetics, and that the substrate
surface is a considerable factor for the morphology engineer-
ing of SnS2. The good conformality on the 3D hole structure
shows the potential for the application of 2D SnS2 in 3D inte-
grated devices. The results of these systematic sulfurization
studies would contribute to advances in the synthesis of other
2D materials as well as SnS2.

Results and discussion
1. Synthesis and wafer level homogeneity of single-phase
SnS2

The overall synthesis of large-area SnS2 thin films is illus-
trated in Fig. 1a. Prior to the deposition of tin oxides, two sur-
faces—amorphous SiO2 and Al2O3—with different surface
energies were prepared as the substrates. Two different
phases, SnO2 and SnO were used as mother materials, and
both oxide films were grown by ALD. The thickness of the tin
oxides was controlled by the change in the number of ALD
cycles to vary the thickness of SnS2. Subsequently, both SnO2

and SnO thin films were sulfurized under an Ar/H2S (3.5%)
atmosphere at a low temperature of 350 °C. For further
improvement, the sulfurized films were treated under Ar/H2S
(3.5%) plasma at 300 °C. It is noteworthy that all the pro-
cesses were performed at low temperatures (≤350 °C), which
is compatible with the conventional fabrication processes for
electronic devices.

Fig. 1 Synthesis of SnS2 and its wafer-scale homogeneity. (a) Schematic illustration of the synthesis procedure of 2D SnS2. (b) Photograph of the
SnS2 film formed on a four-inch Al2O3/SiO2/Si wafer by the aforesaid procedure. (c) Variation in the film thickness measured at positions indicated in
b. (d) Raman spectra of the SnS2 obtained at positions indicated in b (left: parallel to precursor flow, right: perpendicular to precursor flow).
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In addition to process temperature compatibility, the large-
area growth with excellent uniformity in physical and chemical
properties is another critical factor affecting the widespread
application of 2D metal dichalcogenides in industry. Fig. 1b
shows the photograph of the SnS2 film formed on a four-inch
Al2O3/SiO2/Si wafer via the process illustrated in Fig. 1a. The
thicknesses of the SnS2 films on the wafer were measured by
spectroscopic ellipsometry along the directions parallel and
perpendicular to the precursor flow (Fig. 1c). The average
thickness measured on all the points was 4.9 nm, and the
standard deviation was as low as 0.15 nm. The SnS2 film thick-
ness can be controlled by the variation in the number of SnO
ALD cycles. The film thickness of SnS2 has a strong linear
relationship with the thickness of SnO (Fig. S1†). To further
examine the structural uniformity, Raman spectra were
obtained from several positions on the four-inch wafer indi-
cated in Fig. 1b (Fig. 1d). All the Raman spectra show only a
characteristic peak at 314 cm−1 corresponding to a SnS2 A1g

Raman mode.13 The intensities of the characteristic SnS2 A1g
Raman mode are similar, irrespective of the measuring posi-
tion. The negligible fluctuation reflects the excellent structural
homogeneity of SnS2, suggesting that the proposed sulfuriza-
tion combined with the ALD process enables the uniform
growth of a single-phase SnS2 with large scalability.

The excellent uniformity over a large area results from the
following two features of this method. In principle, ALD,
which is based on the self-limiting mechanism, is advan-
tageous in terms of uniformity over a large area. The excellent
uniformity of the ALD-grown tin oxides allows for the good

uniformity of the sulfurized layer. In addition, the sulfuriza-
tion process is self-limiting. The thermodynamic calculation
shown in Fig. 2a indicates that the sulfurization of Al2O3 and
SiO2 used as the substrates is not possible under the current
conditions. The sulfurization of tin oxides terminates when
the SnO or SnO2 layer is completely consumed. This suggests
that within a sufficient sulfurization time, the fluctuation of
thermodynamic parameters, such as the local deviation of H2S
vapor pressure, has no notable influence on the film
homogeneity.

2. Sulfurization of tin oxides: SnO2 vs. SnO

Oxide sulfurization proceeds by the diffusion of the sulfur
reactant into the sulfurized layer, and the chemical reaction
between the sulfur reactant and the oxide at the sulfide/oxide
interface. It is noteworthy that various tin oxide phases such
as SnO2 and SnO exist. The plausible reactions of SnO and
SnO2 with H2S are shown below:

SnO2 þ 2H2S ! SnS2 þ 2H2O ð1Þ
SnOþ 2H2S ! SnS2 þH2OþH2 ð2Þ

Both the chemical reactions have negative Gibbs free ener-
gies in the entire temperature range of 300–900 K (Fig. 2a),
confirming that these oxides are spontaneously sulfurized
under the present conditions.

However, the chemical reactivity at the SnS2/oxide interface
is determined by the type of tin oxide phase. The different
chemical reactivities influence the sulfurization and the pro-

Fig. 2 Comparison of sulfurization properties of ALD-grown SnO and SnO2. (a) Standard Gibbs free energies for reactions of SnO, SnO2, Al2O3 and
SiO2 with H2S as a function of temperature. (b) Variation in the layer density of S ions in the SnO and SnO2 films sulfurized at 350 °C as a function of
the sulfurization time. X-ray photoelectron spectra of (c) Sn 3d and (d) S 2p core levels in the SnO2 and SnO thin films sulfurized at 350 °C for
60 min, respectively. Raman spectra of the (e) SnO2 and (f ) SnO thin films sulfurized at 350 °C, respectively. (g) The MEIS depth profile of the chemi-
cal composition of the 3 nm thick SnO sulfurized at 350 °C.
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perties of the sulfurized layer. Hence, the sulfurization of both
SnO and SnO2 films was examined. We confirmed that the
SnO and SnO2 films were each formed in a single phase by
ALD (Fig. S2†). Fig. 2b shows the variation in the layer density
of S ions in the films sulfurized at 350 °C as a function of the
sulfurization time. The layer density of S ions in Fig. 2b rep-
resents the amount of tin sulfides formed. Here, the amounts
of Sn ions in both SnO (layer density of Sn: 6.8 μg cm−2) and
SnO2 (layer density of Sn: 7.2 μg cm−2) films were almost iden-
tical to each other, thus making the thickness of the sulfides
formed from SnO and SnO2 after full sulfurization identical.
The thicknesses of the SnO and SnO2 films were 6.4 nm and
9.8 nm, respectively. Although the layer density of S ions in
both SnO and SnO2 films increased with the sulfurization
time, a large difference in the amounts of the sulfurized layer
was observed. When the sulfurization time exceeded 60 min,
the layer density of S ions in the sulfurized SnO saturated to
approximately 2.6 μg cm−2 because of the complete consump-
tion of SnO, as will be discussed later. The layer density of S
ions in the sulfurized SnO2 was only 0.4 μg cm−2 even at a long
sulfurization time of 120 min. The amount of Sn in SnO and
SnO2 did not change during sulfurization (Fig. S3†), indicating
that the low S content in the sulfurized SnO2 is not due to
material volatilization.

The chemical binding states of the sulfurized layers were
examined by X-ray photoelectron spectroscopy (XPS). Fig. 2c
and d shows the X-ray photoelectron spectra of (c) Sn 3d and
(d) S 2p core levels in the SnO and SnO2 thin films sulfurized
at 350 °C for 60 min, respectively. The Sn 3d spectrum of the
sulfurized SnO thin film showed a single Sn 3d5/2 peak at
486.7 eV corresponding to a Sn oxidation state of +4. The peak
at 485.7 eV corresponding to a Sn oxidation state of +2, which
was observed in the spectrum of the pristine SnO film, dis-
appeared. In the S 2p spectrum of the sulfurized SnO thin
film, two peaks were observed at 161.8 eV and 162.9 eV, corres-
ponding to the S 2p3/2 and S 2p1/2 peaks of SnS2, respectively.
A valley between the two peaks was clearly observed, and there
was no peak corresponding to SnS. In the sulfurization-pro-
cessed SnO2, which was much less sulfurized as seen in
Fig. 2b, two Sn 3d5/2 peaks could be observed at 486.7 eV and
485.7 eV corresponding to Sn oxidation states of +4 and +2,
respectively (Fig. 2c). The existence of two different sulfide
phases, SnS (161.2 eV (ref. 21)) and SnS2 (161.8 eV), was also
verified in the S 2p spectrum of the sulfurized SnO2.

Raman analysis of the sulfurized SnO and SnO2 also
revealed that the former is a better mother material for the
synthesis of SnS2. Fig. 2e and f shows the Raman spectra of
the sulfurized SnO2 and SnO thin films, respectively. The sul-
furized SnO2 gave a broad and weak peak at 314 cm−1 corres-
ponding to the characteristic A1g mode of SnS2

13 despite the
long sulfurization time of 120 min, whereas the sulfurized
SnO films showed a distinct Raman A1g mode of SnS2. The
intensity of the characteristic A1g mode was significantly
enhanced as the sulfurization time increased up to 60 min.
These results suggested that the chemical reactivity of SnO
with H2S is higher than that of SnO2 with H2S and that only a

single phase of SnS2 is formed by the sulfurization of SnO. In
other words, SnO is highly favorable for the synthesis of SnS2
at low temperatures.

The chemical composition of the sulfurized SnO along the
film thickness was examined using medium energy ion scatter-
ing (MEIS) (Fig. 2g and Fig. S4†). The oxygen content in the
sulfurized layer was negligible. This observation supported the
fact that the sulfurization of SnO beyond a certain time
(Fig. 2b) was terminated because of the complete consumption
of SnO. In addition, the MEIS depth profile showed a very
sharp interface between the sulfurized layer and Al2O3 because
of the improbability of sulfurization of Al2O3 under the current
conditions. However, the S/Sn atomic ratio of the sulfurized
SnO was approximately 1.5, which is below the stoichiometric
value of SnS2. As shown in Fig. 2b, the non-stoichiometry of
the film could not be improved by a further increase in the sul-
furization time. The improvement in the sulfur content of the
films will be discussed later.

3. Influence of the substrate from the perspective of surface
energy

Here, we investigate the influence of the substrate on the mor-
phology evolution of SnS2 formed by the sulfurization of SnO.
SnO thin films were grown on both amorphous SiO2 and Al2O3

surfaces under the same conditions. The properties of the SnO
thin films were almost similar, irrespective of the substrate
(Fig. S5†). Fig. 3a and b shows the atomic force microscopy
(AFM) images of the SnO thin films grown on the Al2O3 and
SiO2 substrates, respectively. Both films had a smooth surface,
with a root-mean-squared (RMS) roughness of approximately
1 nm. No distinct difference in the film surface could be
observed in the two cases. After sulfurization at 350 °C,
however, a significant change in the surface morphology was
observed. The sulfurized SnO film on the Al2O3 substrate dis-
played a similar morphology to the pristine SnO film, and the
RMS roughness increased slightly to about 1.2 nm (Fig. 3c).
Meanwhile, the surface of the sulfurized SnO film on the SiO2

substrate was not homogeneous, and island-like grains were
found (Fig. 3d). Considering that the properties of the SnO
films on the Al2O3 and SiO2 substrates were similar, the sub-
strate might be a decisive factor in the surface morphology
change of the sulfurized films.

SnS2 has strong anisotropy, and its surface energy is
reported to be 540 mJ m−2 for the (100) plane and 104 mJ m−2

for the (001) plane.22 As compared to the basal plane of SnS2,
an amorphous SiO2 surface has a lower surface energy
(40–80 mJ m−2),23–25 while an amorphous Al2O3 surface has
high surface energy (700–1000 mJ m−2).26,27 This trend in the
surface energy of the substrates used in this work was also veri-
fied by contact angle measurements (Fig. S6†). The amorphous
Al2O3 substrate exhibited a smaller contact angle than did the
SiO2 substrate, indicating that the Al2O3 surface has a higher
surface energy than does the SiO2 surface.

The morphology evolution of thin films is determined to
minimize the surface free energy of the films. The surface
energy of the amorphous Al2O3 was higher than that of the
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SnS2 (001) basal plane. Therefore, Al2O3 with high surface
energy was fully covered with the sulfurized layer to minimize
the surface energy (Fig. 3e). On the other hand, it would be
favorable to expose the SiO2 surface with low surface energy in
the sulfurized layer/SiO2 sample, so that islands could be
formed via coalescence (Fig. 3f).

Facile atomic movement is required for the morphology
evolution described in Fig. 3e and f. The sulfurization temp-
erature in this work is low at 350 °C, which would not be
sufficient for the facile atomic movement in the other sulfides
and oxides because of the kinetic limit. However, the atomic
movement is related to the reduced temperature (T/Tm) of the
material, rather than the process temperature itself.28 The Tm
of SnS2 is very low, i.e., 869 °C. The reduced temperature of
SnS2 is as high as 0.55 at a sulfurization temperature of
350 °C, which enables coalescence (Fig. 3d). Therefore, the
microstructure evolution is understood to be substrate-depen-
dent; these results suggest that a high-surface-energy substrate
such as amorphous Al2O3 is indispensable to form smooth
and continuous SnS2 films.

4. Plasma treatment for further improvement and necessity
of two-step sulfurization

Although the sulfurization of SnO on Al2O3 substrates yields
smooth, oxygen-free, and single-phase sulfide films, the issue
of sulfur deficiency must be addressed. An additional treat-
ment using H2S plasma at a low temperature of 300 °C for
30 min was attempted for the formation of stoichiometric SnS2
after sulfurization at 350 °C. Fig. 4a and b shows the Sn 3d
and S 2p core-level X-ray photoelectron spectra of the sulfur-

ized SnO/Al2O3 films before and after the H2S plasma post-
treatment, respectively. The core-level Sn 3d spectra of the
films showed a negligible difference after the H2S plasma post-
treatment. The spectrum of the H2S plasma-treated sample
showed a S 2p3/2 peak at 161.8 eV, which was identical to that
for the film before the H2S plasma treatment. However, the
intensity of the S 2p peak increased notably after the H2S
plasma post-treatment. The S/Sn atomic ratio of the H2S
plasma-treated film, as estimated from the peak area and rela-
tive sensitivity factors of Sn and S, was approximately 1.91,
which is very close to the stoichiometric value. The variation
in the S/Sn atomic ratio of the films was also verified by wave-
length-dispersive X-ray fluorescence (WDXRF) analysis. Fig. 4c
shows the variation in the S/Sn atomic ratio of the sulfurized
films after the H2S plasma post-treatment at 300 °C for
30 min. Although the S/Sn ratio of all the thermally sulfurized
films remained below 1.5, the H2S plasma post-treatment sig-
nificantly increased the S/Sn ratio of the films. In particular,
the S/Sn ratio of the sulfurized SnO above the S/Sn ratio of 1.3
saturated to 1.92 after the H2S plasma post-treatment.

The H2S plasma post-treatment does not change the
surface morphology of the film (Fig. 4d). The peak intensity of
the characteristic A1g Raman mode of the sulfurized SnO/Al2O3

sample significantly increases after the H2S plasma post-treat-
ment (Fig. 4e). Fig. 4f shows the θ–2θ X-ray diffraction (XRD)
patterns of the sulfurized SnO/Al2O3 samples before and after
the H2S plasma treatment. Peaks due to the SnS and Sn2S3
phases are not detected. Only the SnS2 (001) peak is observed
in the θ–2θ XRD patterns of both films, and the peak intensity
also increases after the H2S plasma post-treatment, indicating

Fig. 3 Morphology evolution of SnS2 depending on the substrate surface. AFM images of the ALD-grown SnO on (a) amorphous Al2O3 and (b) SiO2

substrates and the sulfurized SnO on (c) amorphous Al2O3 and (d) SiO2 substrates. Schematic illustration for sulfurization of SnO on the (e) Al2O3

substrate with high surface energy and the (f ) SiO2 substrate with low surface energy.
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that the crystallinity of the film is improved and that the SnS2
(001) plane is more aligned parallel to the substrate after the
H2S plasma post-treatment. Fig. 4g and h shows the cross-sec-
tional high-resolution transmission electron microscopy
(HRTEM) images of the sulfurized SnO/Al2O3 samples (g)
before and (h) after the H2S plasma post-treatment, respect-
ively. The thermally sulfurized SnO/Al2O3 is crystallized; the
plane with an interspacing of 0.59 nm corresponding to SnS2
(001) is aligned in parallel to the substrate (Fig. 4g), consistent
with the XRD results in Fig. 4f. However, the film consists of
small SnS2 grains (lateral size < 10 nm), and the basal plane of
the grains is slightly misaligned. Through the H2S plasma
treatment, the slight misalignment of the basal plane is drasti-
cally improved, and the lateral size of the grains increases
(Fig. 4h).

Bottom-gate TFTs with the SnS2 layer as shown in Fig. 5a
were fabricated to evaluate the electrical performance of the
SnS2 films. Fig. 5b and c displays the transfer curves of the
TFTs with the 3 nm thick SnS2 layer formed by (b) the only sul-
furization at 350 °C and (c) two-step sulfurization, sulfuriza-
tion at 350 °C and the subsequent H2S plasma treatment at
300 °C, respectively. Both TFTs exhibit a typical n-type transis-
tor behavior, supporting that the grown channel materials
have an n-type nature. The on/off current ratio of the TFTs is
approximately 103 for the only sulfurization-processed film
and 105 for the two-step sulfurization-processed film, respect-
ively. The off-current level for both TFTs is sufficiently low
below 10−12 A. The difference in the on/off ratio for the TFTs is
mainly due to the difference in the on-currents. The field

effect mobility (μFE) is extracted from the transfer curves in
Fig. 5b and c. The μFE can be expressed as

μFE ¼ L
WCoxVDS

� ΔIDS
ΔVGS

ð3Þ

where L = 50 μm is the channel length, W = 300 μm is the
channel width, Cox is the capacitance of the gate dielectric
composed of 4 nm thick Al2O3/100 nm thick SiO2, VDS is the
drain–source voltage, IDS is the drain–source current, and VGS
is the gate bias. The extracted μFE in the TFT with the only sul-
furization-processed SnS2 layer is as low as 2 × 10−4 cm2 V−1 s−1.
Such a low value might result from the significant S deficiency
and the small grain size. The TFT with the H2S plasma post-
treated SnS2 has an extracted μFE of 0.02 cm2 V−1 s−1, and shows
a two orders of magnitude increase in the on-current compared
to the TFT with the thermally sulfurized SnO layer. These results
demonstrate that the additional H2S plasma treatment contrib-
utes to the formation of stoichiometric SnS2 and the improve-
ment in the crystallinity of the SnS2 films.

In contrast to the properties of TFTs with MoS2, a represen-
tative 2D dichalcogenide, that have been extensively reported,
the electrical properties of TFT devices with SnS2 have been
rarely reported. A μFE of ≈1 cm2 V−1 s−1 has been reported
from an exfoliated SnS2

17 and the value of ≈2 cm2 V−1 s−1 has
been also reported from a CVD-grown SnS2 flake.13 Although
these μFE values are larger than the obtained μFE in this work,
those device properties are obtained from a single crystal
flake, and not a continuous film of SnS2. Choi et al. have
recently reported the formation of the continuous SnS2 layers

Fig. 4 Improvement in the properties of SnS2 by the subsequent H2S plasma treatment at 300 °C. X-ray photoelectron spectra of (a) Sn 3d and (b) S
2p core levels in the sulfurized SnO/Al2O3/SiO2/Si before and after the H2S plasma treatment at 300 °C for 30 min. (c) Variation in the S/Sn ratio of
the sulfurized SnO after the H2S plasma treatment. (d) AFM image of the sulfurized SnO after the H2S plasma treatment. (e) Raman spectra and (f ) θ–
2θ XRD patterns of the sulfurized SnO/Al2O3 samples before and after H2S plasma post-treatment. Cross-section HRTEM images of the sulfurized
SnO/Al2O3 samples (g) before and (h) after H2S plasma treatment.
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formed via transformation of ALD-grown SnS by annealing at
450 °C and have obtained the TFT performances (on/off ratio:
2 × 103 and μFE: 0.014 cm2 V−1 s−1) of the continuous SnS2
layers.29 Despite the lower thermal limit of 350 °C, our TFTs
show slightly better electrical performance compared to the
TFTs in their report.

Both TFTs with the SnS2 layers before and after H2S plasma
post-treatment also show a clear pinch-off in the output
characteristics (Fig. 5d and e). IDS is linearly proportional to
VDS in the low VDS region for the TFTs, revealing an Ohmic
conduction at source/drain contacts. This might result from
the high work function of the SnS2, which demonstrates that
SnS2 is free from the issues of a large contact resistance, which
is a critical problem in MoS2 TFTs.

30

It is noteworthy that a single step sulfurization using H2S
plasma is not appropriate for the formation of single phase
SnS2. Fig. 6a shows the variations in the layer density of S ions
and the S/Sn ratio in the 6.4 nm thick SnO films treated with
H2S plasma at 300 °C as a function of the treatment time. The
layer density of S ions in the films saturates to ∼1.5 μg cm−2

and the S/Sn ratio of the films remains approximately 0.8,
which is far below the stoichiometric value. The sulfurized
layer thickness in the SnO treated with H2S plasma at 300 °C
alone is found to be very limited due to the kinetic limit. Even
at a higher temperature of 350 °C where the SnO layer was
fully sulfurized under an H2S atmosphere as shown in Fig. 2,
the single step sulfurization using H2S plasma does not
produce a single phase of SnS2. Fig. 6b shows Raman spectra
of the SnO treated with H2S plasma at 350 °C. Characteristic
peaks corresponding to orthorhombic and cubic π SnS as well
as SnS2 are observed. Surprisingly, the peak intensity corres-

ponding to SnS increases with the H2S plasma sulfurization
time. Zhang et al. have recently reported that H2S is catalyti-
cally decomposed by SnS2 with the formation of H2 and the
generated H2 reduced SnS2 to SnS at ≥350 °C.31 The H2S
plasma contains the activated hydrogen as well and such acti-
vated hydrogen might reduce SnS2 to SnS. In addition, the H2S
plasma treatment at 350 °C alone roughens the film surface
(Fig. 6c–e). The scanning electron microscopy images in
Fig. 6c–e indicate that the grains in the films sulfurized by the
single step of H2S plasma treatment at 350 °C are randomly
oriented. Therefore, the two-step process, i.e., the combination
of sulfurization at a higher temperature and subsequent
plasma treatment at a lower temperature, is necessary to form
stoichiometric and continuous SnS2 on a large area in an
industrially compatible manner.

5. Conformality of SnS2

The implementation of 2D metal chalcogenides in 3D struc-
tures holds great promise for a variety of applications. The
critical requirements for application to 3D devices are thick-
ness conformality and structural homogeneity of the 2D layers
on a demanding substrate. The synthesis of approximately
3 nm thick SnS2 is demonstrated over a 3D hole structure
(Fig. 7). The conformal growth of crystallized SnS2 is verified
owing to the beneficial features of ALD. The direct ALD growth
of other 2D materials has been also reported to achieve good
conformality in physical thickness.32,33 However, the preferen-
tial orientation of the layers was not well controlled, and ran-
domly oriented flake-like grains were obtained.32,34

Considering the strong anisotropy of 2D metal dichalcogen-
ides, the alignment of the basal plane on more demanding

Fig. 5 Characteristics of TFT devices. (a) Schematic illustration of the bottom-gate TFT with SnS2 as the channel layer. Transfer curves of the TFTs
with the SnS2 layer formed by (b) the only sulfurization at 350 °C and (c) the sulfurization followed by the H2S plasma treatment at 300 °C, respect-
ively. Output characteristics of the TFTs with the SnS2 layer formed by (d) the only sulfurization at 350 °C and (e) the sulfurization followed by the
H2S plasma treatment at 300 °C, respectively.
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substrates is crucial in terms of uniformity of the properties.
As shown in Fig. 7b–f, the (001) basal plane of SnS2 is well
developed along the undulating morphology resulting from
the Bosch process. In particular, the basal plane of the SnS2 is
evolved parallel to the substrate surface even at an extremely
small radius (∼25 nm) of curvature (Fig. 7b). Therefore, the
synthesis process proposed in this work can help realize 3D
nanoelectronic devices based on 2D SnS2.

Conclusions

We propose an industrially relevant synthesis of layer-struc-
tured SnS2 via the sulfurization of ALD-grown tin oxides. Phase
engineering of tin oxides as mother materials and the sub-
strate surface leads to wafer-scale growth of uniform and con-
tinuous SnS2 layers aligned parallel to the substrate at low

temperatures (≤350 °C). The chemical reactivity of the oxide
with H2S at the SnS2/tin oxide interface is significantly affected
by the oxide phase. SnO is found to be more beneficial for the
formation of SnS2 at lower temperatures than is SnO2. Full cov-
erage of the films and preferential orientation of the basal
plane parallel to the substrate surface are achieved on the
Al2O3 substrate with higher surface energy. The subsequent
H2S plasma treatment at 300 °C reduces the sulfur deficiency
and enhances the crystallinity of the SnS2 films. The conform-
ality benefit of ALD facilitates excellent step coverage of SnS2
on the undulating hole structure. These results demonstrate
that the industrially compatible low-temperature process
would allow for the use of SnS2 in emerging devices in mass
production. Furthermore, the systematic study on the sulfuri-
zation of SnS2 provides insight into advances in the sulfuriza-
tion of other 2D materials. The sulfurization technique can be
even expanded to atomically thin metal oxides from liquid

Fig. 6 Limitation of a single step sulfurization using H2S plasma. (a) Variation in the S layer density and the S/Sn ratio of 6.4 nm thick SnO films
treated with H2S plasma at 300 °C. (b) Raman spectra of the SnO films treated with H2S plasma at 350 °C (o-SnS: orthorhombic SnS and π-SnS:
cubic SnS). Scanning electron microscopy images of the SnO films treated with H2S plasma at 350 °C for (c) 5, (d) 10 and (e) 60 min, respectively.

Fig. 7 Step coverage of SnS2. (a) TEM image of the SnS2 grown on a 3D undulating hole structure. (b)–(f ) HRTEM images of SnS2 at the positions
indicated in a.
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metals35–37 beyond ALD-grown oxides. We believe that this
work would be an important step toward the incorporation of
2D metal chalcogenides in industry. For this purpose, the
studies on various applications of the SnS2 films are under
investigation.

Experimental details
Formation of SnO and SnO2 thin films

SnO thin films were deposited by ALD at 210 °C. Bis(1-di-
methylamino-2-methyl-2-propoxy)tin(II), with an Sn valence
state of +2, was used as the Sn precursor. H2O vapor was used
as the oxygen precursor. The detailed growth conditions for
SnO ALD are reported elsewhere.38,39 SnO2 thin films were also
deposited by ALD at 180 °C using tetrakis(dimethylamino)tin
and H2O as the Sn and oxygen precursors, respectively. A
100 nm thick thermally oxidized SiO2/Si and a 4 nm thick
Al2O3-coated SiO2/Si were used as the substrates.

Sulfurization

SnO and SnO2 thin films were sulfurized at 350 °C under an
H2S (3.5%)/Ar atmosphere for 5–120 min. Subsequent H2S
plasma treatment was performed at 300 °C for 30 min in the
other chamber. H2S plasma was produced by a flow of H2S
(3.5%)/Ar gas of 200 sccm at a radiofrequency power of 150 W.

Characterization

The thicknesses of the SnS2 thin films were evaluated by spec-
troscopic ellipsometry. The layer density of Sn and S ions in
the films was measured by WDXRF. Raman spectroscopy and
XPS were utilized to observe the chemical states of the SnS2
films. The surface morphology of the SnS2 films was observed
by AFM and scanning electron microscopy. The depth profile
of the chemical composition of the SnS2 film was examined
using MEIS. Furthermore, the crystallinity and orientation pre-
ference of the films were studied by θ–2θ XRD and HRTEM.

Thin film transistor fabrication

We fabricated bottom-gate thin film transistors with the SnS2
layer as an n-type channel. Heavily doped p-type Si served as
the gate and 4 nm thick Al2O3/100 nm thick SiO2 was used as
the gate dielectric. The thickness of the SnS2 was fixed at 3 nm
and the channel was patterned by photolithography. The
length and the width of the channel is 50 μm and 300 μm,
respectively. 30 nm thick Ti/30 nm thick Au electrodes (source
and drain) were grown by evaporation, respectively. The elec-
trodes were deposited in the same chamber without breaking
the vacuum.
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