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Two-dimensional metallic NbS2 has attracted increasing attentions due to its excellent

properties. So far, the preparations of NbS2 are mainly focused on the mechanical

exfoliation and molecular beam epitaxial (MBE), both of which have limitations, such

as, small lateral sizes (usually <1µm), low yield, etc. Chemical vapor deposition (CVD)

has been used to synthesize NbS2, but mainly depends on atomically flat substrates

(e.g., graphene, h-BN) to grow thinner and larger sheets and the growth of NbS2

on SiO2/Si is still challenging. In this contribution, NbS2 single crystals with different

layers are controllably synthesized. Few-layer NbS2 single crystals from one layer to

nine layers with several tens of micrometers lateral sizes (up to ∼20µm) can be

obtained by controlling hydrogen content in Ar/H2 carrier gas, NaCl amount, the growth

temperature and the growth time, which are much larger than that synthesized by the

MBE route. Meanwhile, as-synthesized NbS2 demonstrates higher sensitivity for probing

trace amount of molecules than that of graphene, ascribed to the efficient charge transfer

between NbS2 and molecules.

Keywords: NbS2, chemical vapor deposition, controllable synthesis, charge transfer, molecular sensing

INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have been widely investigated
in electronic and optoelectronic fields in terms of their unique properties (Liu et al., 2013,
2016; Kim et al., 2018; Ponomarev et al., 2018; Liu H. et al., 2019; Lv and Lv, 2019; Sheng
et al., 2019). Based on the bandgap structures, they can be mainly divided into two categories:
(1) semiconducting and (2) metallic TMDCs. 2D semiconducting TMDCs (e.g., 2H-MoS2, 2H-
MoSe2, 2H-WS2, 2H-WSe2) have been widely investigated (Chen et al., 2017; Jeong et al.,
2017; Nguyen et al., 2018; Kim et al., 2019). In recent years, metallic TMDCs [e.g., niobium
disulfide (NbS2)] are attracting increasing research attentions due to their unique properties,
such as, charge density wave (Wang X. et al., 2018), superconductivity (Wang H. et al.,
2017), magnetism (Li et al., 2018). Mechanical exfoliation (Ma et al., 2018) and molecular
beam epitaxy (MBE) (Wang H. et al., 2017; Xie et al., 2018) have been used to prepare 2D
NbS2. Although high-quality 2D NbS2 samples can be obtained by the mechanical exfoliation
method, the yield is relatively low and not enough for the scalable preparation. For MBE
method, it usually requires rigorous experimental conditions, such as, ultrahigh vacuum, specific

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2019.00279
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2019.00279&domain=pdf&date_stamp=2019-11-06
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lvruitao@tsinghua.edu.cn
https://doi.org/10.3389/fmats.2019.00279
https://www.frontiersin.org/articles/10.3389/fmats.2019.00279/full
http://loop.frontiersin.org/people/835317/overview
http://loop.frontiersin.org/people/596622/overview


Lv et al. Controllable Growth of Few-Layer NbS2

substrates (e.g., graphene, h-BN). The lateral size of as-
synthesized materials is also usually small (<1µm) (Wang
H. et al., 2017; Xie et al., 2018). Ambient pressure chemical
vapor deposition (APCVD) is a facile route for the controllable
synthesis of 2D materials via tuning the growth parameters.
Although the growth of metallic NbS2 by APCVD has been
achieved, it also mainly depends on atomically flat substrates,
such as, h-BN (Zhao et al., 2016; Wang X. et al., 2017).
The controllable synthesis of metallic NbS2 directly on SiO2/Si
substrates with larger size and thinner thickness is still
very challenging.

Developing highly efficient sensing techniques is very crucial
due to the increasing needs in probing specific molecules and
force, monitoring diseases (Wang T. et al., 2018; Liu J. et al.,
2019; Wang et al., 2019; Xue et al., 2019). Surface enhanced
Raman scattering (SERS) is an efficient and fast technique to
detect trace amount of molecules or even a single molecule
(Yilmaz et al., 2017; Matricardi et al., 2018; Ghopry et al.,
2019). Recent years, two-dimensional materials have been widely
investigated as promising SERS substrates, due to their atomically
flat surface, chemical stability and bio-capability, such as, doped-
graphene (Lv et al., 2012, 2014; Feng et al., 2016), WSe2 (Liu
et al., 2018), MoS2 (Sun et al., 2014). Usually, the enhanced
mechanism of 2D TMDCs has been explained based on chemical
mechanism, in which the efficient charge transfer between SERS
substrates and molecules plays an important role in the Raman
scattering enhancement. Yin et al. (2017) have demonstrated that
phase transition from 2H to 1T phase of MoX2 (X=S, Se) can
significantly improve the SERS sensitivity, mainly ascribed to the
facilitated charge transfer from the Fermi level of metallic 1T-
MoX2 to the highest occupied molecular orbital (HOMO) level
of the probemolecules. However, the 1T-phaseMX2 (M=Mo,W)
is hardly to be directly synthesized due to their higher formation
energy than their semiconducting counterparts. In general, the
1T-MX2 are mainly prepared by post treatment, such as, lithium
ion intercalation (Zhang et al., 2017), Ar plasma treatment (Zhu
et al., 2017), laser irradiation (Jiang et al., 2018), etc., which
could not obtain pure 1T phase. In contrast, the metallic nature
and high surface activities of NbS2 might provide opportunities
as SERS substrates. And, the SERS performance of NbS2 has
not been well unveiled unveiled so far due to the challenge in
obtaining large-area and high-quality samples.

Herein, we synthesized large-area NbS2 with different layers
by tuning the growth parameters during CVD process. The
addition of NaCl can facilitate the growth of NbS2 directly on
SiO2/Si. The growth parameters, such as, the hydrogen content
in the Ar/H2 carrier gas, NaCl amount, the growth temperature
and the growth time, can achieve the growth of NbS2 with tunable
thicknesses by changing the reaction activity, vapor pressure and
reaction time of precursors. As-grown NbS2 exhibits triangular
shapes and uniform contrast with the maximum lateral sizes
up to ∼20µm. SERS measurements display that NbS2 exhibit
excellent sensitivity for different molecules (e.g., R6G, MB, and
CV) with the concentration of 5 × 10−5 M, which is higher
than that of graphene and provides potential applications in
sensing fields.

EXPERIMENTAL SECTION

Synthesis of Few-Layer NbS2
NbS2 was synthesized by an ambient pressure chemical vapor
deposition method. Nb2O5 powder and sulfur powder were
used as Nb and S precursors, respectively. NaCl was used as an
extremely important assistance to decrease the melting point of
Nb2O5 by forming intermediate products and further facilitate
the growth of NbS2. Themixtures of Nb2O5 (∼240mg) andNaCl
(∼70mg) were placed on the SiO2/Si substrate, and then moved
to the center of the quartz tube reactor. Another quartz boat
containing ∼850mg sulfur powders was located at the upstream
and heated individually. First, the quartz tube reactor was rinsed
with a high Ar flow for ∼5min. After that, the furnace was
heated up to 800◦C in the Ar/H2 (120/8 sccm/sccm) flow at
a heating rate of 20◦C/min. Meanwhile, the sulfur powder was
heated up to 200◦C. After maintaining at 800◦C for 10min,
the furnace was cooled down to room temperature quickly. By
tuning the key experimental parameters, such as the hydrogen
flow (2–8 sccm) in the Ar/H2 carrier gas, the growth temperature
(800◦C, 840◦C, 880◦C), the growth time (5min, 10min, 15min),
and NaCl amount (60mg, 70mg, 80mg) in the mixture, NbS2
samples with different layers can be obtained.

Sample Characterizations
The optical images were recorded by an Olympus microscope
(BX 53M). Scanning electron microscopy (SEM) was performed
on a Hitachi SU8010 system. Transmission electron microscopy
(TEM) was recorded on a FET Tecnai F30 system. Atomic force
microscopy (AFM) measurement was carried out on a Bruker
DektakXT system with the tapping mode.

SERS Measurements
Rhodamine 6G (R6G), methylene blue (MB) and crystal violet
(CV) were used as probe molecules and dissolved in ethanol to
form uniform solutions with the concentration of 5 × 10−5 M.
For the SERS detection of different molecules, NbS2 grown on the
SiO2/Si substrate were immersed into the above three solutions
for about 30min, respectively, followed by drying in air naturally.
The samples were rinsed by ethanol for several times to remove
the residual molecules. The SERSmeasurements were carried out
on a Horiba LabRAMHR Evolution system with a 500x objective
and a laser spot size of ∼1µm. The excitation wavelength for
probing R6G and CV is 532 nm, while for MB is 633 nm.

RESULTS AND DISCUSSION

The growth of NbS2 was performed under ambient pressure
CVD assisted by NaCl, as shown in Schemes 1A,B shows the
atomic structure of monolayer NbS2 with trigonal phase (2H)
and bilayer NbS2 with rhombohedral phase (3R) at the top view
and side view. The 3R phase has a staggered arrangement with
the second layer in the same orientation but with an in-plane
shift compared to the first layer (Zeng et al., 2019). So far, the
researches on the controllable synthesis of metallic NbS2 by
tuning the growth parameters are not comprehensive due to the
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SCHEME 1 | (A) Illustration of the controllable growth of few-layer NbS2 by atmospheric pressure chemical vapor deposition. (B) Atomic structures of 2H-monolayer

and 3R-bilayer NbS2 at the top view and side view. Yellow and blue spheres denote sulfur and niobium atoms, respectively.

instability of NbS2 in air and their difficult growth. (Zhou J. et al.,
2018) has demonstrated that salt can assist the growth of a broad
variety of 2D TMDCs materials, including binary compounds,
heterostructures and alloys of TMDCs. The salt could react
with the transition metal oxide precursors to form intermediate
products with lower melting points, which could increase the
vapor pressure of reactors and further to promote the growth
of 2D TMDCs. Thereafter, salt plays an extremely important
role in the synthesis of 2D TMDCs materials. However, the
influence of salt content in the mixture on the growth of NbS2
has not been well-investigated in the growth of NbS2, which
might influence the layer numbers or lateral sizes of NbS2 so
as to better control the synthesis of NbS2. So, NbS2 grown with
different Nb2O5/NaCl ratios (240:60, 240:70, 240:80 wt/wt) was
investigated (Figures 1a–c). It can be seen that the salt amount
mainly affect the thicknesses of NbS2. The addition of NaCl may
decrease themelting point of transitionmetal precursor and form
the intermediate products so as to facilitate the growth of NbS2
directly on SiO2/Si substrate. With increasing the NaCl amount

in the mixture of Nb2O5/NaCl, the melting points of precursors
can be further decreased, resulting the higher vapor pressure (Li
et al., 2015).With the increased vapor pressure of precursor, NbS2
is prone to nucleate on the first grown NbS2 layer while not on
the SiO2/Si, resulting in the formation of multilayer NbS2 (Yang
et al., 2019). The hydrogen content in the carrier gas was also
studied shown in Figures 1d–f. It can be seen that the hydrogen
content could influence the lateral size and layer numbers of
NbS2 triangular sheets. Occasionally, thick triangular sheets with
smaller size (∼5µm) (marked by arrows in Figure 1f) can be
discovered at higher hydrogen content (Ar/H2 = 120/8). When
the ratio of Ar and H2 is 120:4, the lateral sizes of as-synthesized
NbS2 sample become larger (up to ∼10µm), which is twice as
large as those synthesized at the other two conditions. Higher
hydrogen can enhance the reaction activity of chalcogenides
(Huang et al., 2013), leading to an efficient reaction between
Nb2O5 and S, and further enhance the nucleation density with
reduced lateral size (∼5µm). Reversely, lower hydrogen will
decrease the reaction activity of chalcogenides and lead to a lower
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FIGURE 1 | Growth of 2D NbS2 with different NaCl amounts and different hydrogen contents. (a–c) NbS2 grown with the Nb2O5/NaCl weight ratios of 240/60,

240/70, and 240/80, respectively. (d–f) NbS2 grown with the Ar/H2 ratios of 120/2, 120/4, and 120/8, respectively. The thicker flakes are marked by red arrows.

growth rate of NbS2 at the same growth time. The lateral sizes of
NbS2 flakes grown at higher or lower hydrogen contents in the
carrier gas are relatively small. Thus, a suitable hydrogen content
in the carrier gas is very essential for the growth of NbS2 with
larger lateral size. Simultaneously, with the increased hydrogen
content in the carrier gas, the thicknesses of NbS2 sheets
are also increased. The surface morphology of as-synthesized
NbS2 with different thicknesses were further characterized by
scanning electron microscopy (SEM) as shown in Figure S1.
Figure S1a shows the low-magnification SEM image of as-
synthesized NbS2 with triangular shapes. Figures S1b–d show
the high-magnification SEM images of as-synthesized NbS2 with
different layer stackings. The morphology of monolayer NbS2
is characterized by the low-magnification transmission electron
microscopy (TEM) and shown in Figure S2a. The corresponding
selected area electron diffraction (SAED) shows the typical
hexagonal patterns of NbS2 (inset of Figure S2a). Based on the
intensity profile analysis in Figure S2b, the atomic spacing of
as-grown NbS2 is ∼0.284 nm, which is consistent with previous
reports (Leng et al., 2016; Zhou X. et al., 2018).

Figures 2a–c shows the NbS2 triangular sheets grown
at different temperatures (800◦C, 840◦C, and 880◦C). The
influence of the growth temperature on the 2D materials is
determined by the competition between kinetics controlled
and thermodynamics controlled growth (Bogaert et al.,
2016). Compared to lower growth temperature dominated
by the kinetics, the higher growth temperature dominated by
thermodynamics could lead to a more precursor supply and
promote the growth of NbS2, so as to result in the growth of
thicker NbS2 sheets with large lateral size up to∼20µm, which is
similar to the synthesis of semiconducting WSe2 grown at higher
temperatures (Liu et al., 2015). The monolayer (1L) NbS2 can be

obtained at 800◦C. Compared to the growth temperatures, the
growth time mainly affect the lateral size not the layer numbers
of NbS2 as shown in Figures 2d–f, because the layer numbers are
mainly related to the mass flow of precursors and growth kinetics
(or thermodynamics). With the increased the growth time, the
lateral sizes of NbS2 flakes are increased from ·∼4–∼12µm
resulted from the enough reaction time.

The influences of above four growth parameters on the
controllable growth of NbS2 can be concluded as follows. The
layer numbers are mainly related to the mass flow and reaction
activity of precursors and the lateral sizes are mainly related to
the reaction time and reaction rate (Liu et al., 2015). NaCl can
react with transition metal oxides to form intermediate products
with lowermelting points so as to improve the vapor pressure and
increase the mass flow. The improvement of growth temperature
also increases the mass flow and reaction rate of precursors. The
increased hydrogen content could promote the reaction activity
and reaction rate of precursor by creating reduction atmosphere.
So, the amount of NaCl mainly influences the layer numbers, the
growth timemainly affects the lateral sizes, but hydrogen content,
and the growth temperature can both affect the layer numbers
and lateral sizes of NbS2.

Monolayer NbS2 was grown at lower temperature (800◦C).
By increasing the growth temperature and cooperating with
other growth parameters, NbS2 with different layers can be
obtained. AFM was used to further verify the thicknesses as
shown in Figures 3a–e. Although no atomically-flat substrate
(e.g., h-BN, graphene) was used, the ultra-flat NbS2 flakes can
still be obtained on the SiO2/Si substrates due to the addition
of NaCl, which could decrease the formation energy of NbS2
and further promote its growth on SiO2/Si (Wang H. et al.,
2017). According to the height profile shown in each AFM
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FIGURE 2 | Growth of 2D NbS2 with different growth temperatures (T) and growth time (t). (a–c) NbS2 grown at 800, 840, and 880◦C, respectively. (d–f) NbS2 grown

for 5, 10, and 15min, respectively.

FIGURE 3 | Atomic force microscope (AFM) of NbS2. (a–e) AFM images of NbS2 with different thicknesses. (f) The relationship between thicknesses and layers of

NbS2.

image, it can be seen that the thicknesses of NbS2 vary from
1.0 to 6.3 nm (Figures 3a–e), corresponding to 1L, 2L, 3L, 6L,
and 9L, respectively. The relationship between the thicknesses
and layer numbers is shown in Figure 3f. The crystal quality of
NbS2 with various layer numbers was characterized by Raman

spectra in Figure 4. All the Raman spectra are normalized to
the intensity of Si peak at ∼520 cm−1. Raman spectra of NbS2
show four characteristic vibration modes except for monolayer
NbS2, namely, E1, E2, A1, and A2, corresponding to the unique
identity of 3R-NbS2. The E2 mode and A1 mode are related to the
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FIGURE 4 | Raman spectra of few-layer NbS2. (a) Raman spectra of NbS2 with different layers. The characteristic peaks of monolayer NbS2 were marked by arrows.

(b) Thickness-dependent Raman frequency of A1 mode of NbS2. (c–d) Raman mapping of E2 and A1 modes of bilayer NbS2.

in-plane and out-of-plane vibrations, respectively (Figure 4a).
Besides, the Raman peak of NbS2 located at around 150 cm−1

might be regarded as a defect mode, which is derived from the
two-phonon scattering (Ge et al., 2013). The monolayer NbS2
displays two peaks at ∼304 and ∼376 cm−1 marked by arrows,
which are coincided with the Raman peaks of 2H NbS2 (Wang
X. et al., 2017)). According to Figure 4b, it can be seen that the
A1 peak blueshifts from∼376 cm−1 in monolayer to∼384 cm−1

in multilayers. The layer-dependent Raman shift demonstrates
strong interactions between the layers, which might be caused
by the effective restoring forces and also by the increase in
dielectric screening of long-range Coulomb interactions upon
adding more layers (Zhao et al., 2016; Wang X. et al., 2017).
Raman mapping images of E2 and A1 peaks of bilayer NbS2 are
shown in Figures 4c,d, respectively. The intensities of both peaks
are evenly distributed on the triangular flake, which illustrates the
uniform thickness of as-grown NbS2.

The SERS effect of NbS2 is characterized by probing various
molecules (e.g., R6G, MB and CV). Our previous studies
have demonstrated that each kind of molecules has individual
resonant laser excitation wavelength (Feng et al., 2016). The
excitation wavelength for R6G and CV molecules is thus set
as 532 nm, and for MB is 633 nm. R6G, MB and CV with the
concentration of 5 × 10−5 M are utilized to evaluate the SERS
performance of as-synthesized NbS2. Figure 5a illustrates the
enhanced Raman scattering effect of the probe molecules coated
on NbS2. After being immersed into R6G solutions and dried
naturally, the Raman signals of R6G coated on NbS2 are shown in

Figure 5b, demonstrating that the effective interactions between
NbS2 and R6G molecules so as to induce the enhanced Raman
signals of R6G coated NbS2. In addition, as-synthesized NbS2 can
also probe other molecules, such as, MB and CV (Figures 5c,d),
demonstrating the universality of NbS2 for sensing molecules.
The characteristic peaks of R6G, MB and CV are marked by “�,”
“∗,” and “♥,” respectively.

Graphene has been proven to be an efficient SERS substrates
(Lv et al., 2012, 2014; Ling et al., 2014; Feng et al., 2016; Tan et al.,
2017; Zhao et al., 2018). So, we conducted control experiments
to compare the SERS effects of NbS2 and graphene. Graphene
was synthesized by CVD as reported in our previous study
(Gan et al., 2016). Raman spectrum of as-grown monolayer
graphene and MoSe2 are shown in Figure S3. And, the almost
negligible D mode and high I2D/IG reveal the high quality
of as-grown graphene sample. R6G and MB were chosen as
the probe molecules. Figure 6a displays the Raman spectra of
R6G on NbS2 and graphene, respectively. The Raman signals
of R6G on NbS2 are much stronger than those on graphene,
which can be attributed to the more efficient charge transfer
and stronger coupling between NbS2 and R6G molecules than
that between graphene and R6G (Tao et al., 2018). To better
compare the SERS performance of graphene and NbS2, the
Raman intensities of R6G peaks at 1,362, 1,504, 1,572, and 1,650
cm−1 is shown in Figure S5a. Among the Raman intensity ratio
(INbS2/IGraphene) of R6G peaks coated on NbS2 and graphene, the
highest value, namely, enhancement factor, is eight times larger
for NbS2 than that for graphene at ∼1,360 cm−1 (Figure S5b).
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FIGURE 5 | Surface enhanced Raman scattering (SERS) performance of as-synthesized NbS2. (a) Schematic illustration of NbS2 as SERS substrate for probing

molecules. (b–d) Raman spectra of R6G, MB, and CV on NbS2, respectively. The characteristic peaks of R6G, MB and CV are marked by “�,” “*,”and “♥,”

respectively.

FIGURE 6 | SERS performance comparison between as-synthesized NbS2 and monolayer graphene. (a) Raman signals of R6G on NbS2 and graphene, respectively.

(b) Raman signals of MB on NbS2 and graphene, respectively. The concentrations of R6G and MB are both 5 × 10−5 M.

The Raman signals of R6G on NbS2 are also much stronger
than those on MoSe2 as shown in Figure S4, which might be
attributed to the more efficient charge transfer from molecules
to metallic NbS2 that to semiconducting MoSe2. The Raman
enhancement of MB deposited on NbS2 is slightly higher
than that coated on graphene in Figure 6b. DFT calculations
have demonstrated that the binding energies between NbS2
and the probe molecules are higher than those of graphene,
indicating a strong coupling between NbS2 and molecules. And,
the electron transfer from the probe molecules to NbS2 is

also much higher than that to graphene (Song et al., 2019).
Therefore, the Raman signals of molecules on NbS2 show
higher intensities than those on graphene, demonstrating the
much higher sensitivities of NbS2 for probing molecules. The
enlarged Raman spectra of molecules on graphene are shown
in Figure S6.

Understanding the SERS mechanism of metallic NbS2 is
important for their potential applications. Electromagnetic
enhancement (EM) and chemical enhancement are the two
major mechanisms of SERS (Ghopry et al., 2019). The EM
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mainly depends on the localized surface plasmonic resonance
(LSPR) of free charge carriers, which is the traditional SERS
mechanism based on noble metal substrates with specific
nanostructures, such as, Au and Ag (Matricardi et al., 2018;
Li et al., 2019). And, the CM is dominated by the charge
transfer between SERS substrates and molecules, which depends
on the electronic structures of substrates and probe molecules.
The SERS mechanism of the metallic 2D TMDCs for probing
molecules has been explained by the CM, which depends on the
charge transfer between TMDCs substrates and probe molecules
(Yin et al., 2017; Tao et al., 2018). The efficient charge transfer
between NbS2 and probe molecules might be directly related
to the probing sensitivity. The charge transfer process usually
includes two steps (Yin et al., 2017): First, the charges can be
excited from the highest-occupied molecular orbital (HOMO)
level to the lowest-unoccupiedmolecular orbital (LUMO) level of
probing molecules, forming holes in the HOMO level. After that,
the electrons could transfer from the Fermi level of NbS2 to the
HOMO level of molecules, and further recombines with holes.
This demonstrates that the suitable electronic structures between
SERS substrates and probing molecules is essential for improving
the SERS sensitivity.

CONCLUSIONS

In summary, we achieved the controllable synthesis of large-
area and thickness-tunable NbS2 flakes by tuning the growth
parameters during CVD process. NbS2 with different layer can
be synthesized directly on SiO2/Si substrates assisted by NaCl.
The NaCl amount and the growth temperature play crucial roles
in the few-layer NbS2 growth by increasing the vapor pressure
of precursors, while the roles of hydrogen content and the
growth time in the few-layer NbS2 growth are improving the

reaction activity and reaction time of precursors, respectively.
The excellent SERS performance of NbS2 could provide potential
applications for NbS2 in many sensing fields, such as, biosensor,
chemical sensors, mechanical sensors, medical sensor, etc.
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