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We report the chemical vapor deposition growth of Nb-doped WS2 monolayers and their characterization. Electron microscopy observations reveal
that the Nb atom was substituted at the W site at a rate of approximately 0.5%. Unlike Mo doping, Nb-doped samples have photoluminescence
(PL) peaks at 1.4–1.6 eV at room temperature. The peak energies are lower than the optical bandgap of 1.8 eV, and a saturation behavior of PL
intensity is observed with the increase in excitation power. These results indicate that the observed PL peaks are assignable to the emission from
impurity states generated by the substitution of Nb. © 2016 The Japan Society of Applied Physics

T
he optical properties of atomic-layer transition metal
dichalcogenides (TMDCs) have recently attracted
much attention owing to their wide-range bandgap en-

ergies from visible to infrared,1–3) unique phenomena related to
spin-valley physics,4,5) and single-photon emission.6–9) In par-
ticular, defect-derived excitonic states have recently received
much attention for their applications in single-photon emitters.
To date, several groups have reported that atomic-layer
TMDCs show photoluminescence (PL) from optically active
defects at low temperature (4 ∼ 90K).6–11) Such a two-dimen-
sional (2D) single-quantum emission has practical advantages
in efficient photon extraction and high integration capability.
However, the details of such defect sites are still unclear, and
PL can generally be observed only at low temperature. These
issues may be resolved by the controlled fabrication of defect
states, which is an important challenge in understanding and
using TMDC atomic layers as quantum light sources.

In general, defect states in low-dimensional materials are
created through several mechanisms, including atomic vacan-
cy formation,12) impurity doping,13–16) and chemical function-
alization.17) In this study, we have investigated impurity-
doped WS2 monolayers as a model system. Monolayer WS2
is a semiconductor with a relatively wide direct bandgap
and high air stability, and there have been many reports on
its growth process and characterization.10,18–22) To implant
impurities in WS2, we employed halide-assisted chemical
vapor deposition (CVD), which was recently developed by
Li et al.21) This method can produce large-area monolayer
WS2 at relatively low temperatures (700 °C) and under atmos-
pheric pressure. Importantly, the use of halides can effectively
transport precursors of transition metals, which usually have
very low vapor pressure. As an impurity, Mo atoms are well
studied and cause bandgap narrowing through the substitution
of W sites in monolayer WS2.14,15,23,24) However, there are
very few studies on the doping of other transition metals
for monolayer TMDCs. In the present study, Nb is selected
because its atomic size is comparable to that of Mo and it is
reported to generate acceptor states for some TMDCs.16,25)

Here, we report the synthesis and characterization of
monolayer impurity-doped WS2 using halide-assisted CVD.

Halide-assisted CVD was used to grow large-area monolayer
Nb-doped WS2 with a crystal size of 30 µm on a SiO2 surface.
Our scanning transmission electron microscopy (STEM) ob-
servations revealed that the Nb atom was substituted at the W
site at a rate of approximately 0.5%. Unlike Mo doping, we
found that Nb doping led to the appearance of new PL peaks
between 1.4–1.6 eV at room temperature. The energies of
these peaks were lower than the bandgaps (1.8 eV) estimated
from differential reflectance spectra. Furthermore, the PL
intensity exhibited a clear saturation behavior under the
high-power excitation regime. These results indicate that
the observed PL peaks are assignable to emission from the
impurity state and that the present growth process could be
used to fabricate TMDC atomic layers with controlled defect
sites for single-photon applications.

Monolayer Nb-doped WS2 crystals were grown on SiO2=Si
(285 nm SiO2) and quartz substrates by using an in-house built
CVD system [see Fig. 1(a)]. The substrate and a mixture of
WO3 (35mg)=Nb (5mg)=NaCl (15mg) powders were placed
at the center of a quartz tube. Sulfur flakes were placed 35 cm
upstream of the center. The quartz tube was filled with Ar gas
at a flow rate of 200 sccm under atmospheric pressure. The
temperature of the substrate and powders was gradually in-
creased to 830 °C over a period of 45min by using an elec-
trical furnace. When the substrate temperature reached the set
point, the sulfur was heated at 200 °C for 15min by using
another electrical furnace to supply sulfur vapor to the sub-
strate. After the reaction, the quartz tube was immediately
cooled using an electric fan. As a reference sample, undoped
WS2 monolayers were grown under the same conditions
without the use of Nb powder.

Optical images were recorded using an optical micro-
scope (Nikon ECLIPSE-LV100D). Raman and PL measure-
ments were conducted using a micro-Raman spectroscope
(Renishaw inVia) with an excitation laser operating at 532
nm. A topography image of the samples was obtained by an
atomic force microscope (AFM; Shimadzu SPM-9600) in
tapping mode. Differential reflectance spectra were obtained
by a spectrometer (Ocean Optics USB 2000+) with a white
LED lamp. STEM observations were carried out by using a
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JEM-2100F based electron microscope equipped with a
JEOL Delta Cs corrector operated at 60 kV at 500 °C. For
STEM observations, as-grown samples on SiO2=Si substrates
were covered with 1% poly(methyl methacrylate) (PMMA) in
acetone by using a spin-coater. Then, the SiO2 was etched by
a 1M KOH solution. After etching the substrate, the sample
was washed twice by deionized water and picked up with an
SiN membrane TEM grid. Finally, the PMMA was dissolved
in acetone at 70 °C.

Figures 1(b) and 1(c) show optical microscopic images of
typical crystals grown on SiO2=Si substrates by halide-assisted
CVD. Triangular crystals with a size of up to 30 µm and a
relatively dark contrast are observed. The AFM image and
height profile [Figs. 1(d) and 1(e)] reveal that the grain has a
thickness of 0.7 nm, which corresponds to the thickness of a
WS2 monolayer.20) It should be noted that the white triangular
grains are multilayer grains. These results are similar WS2
growth by halide-assisted CVD reported previously.21)

For structural characterization, we conducted annular dark
field (ADF)-STEM observations of a monolayer sample
[Figs. 2(a) and 2(b) and Fig. S1 in the online supplementary

data at http://stacks.iop.org/APEX/9/071201/mmedia]. Be-
cause of their large atomic weight, W atoms exhibit a brighter
ADF contrast than Nb and S atoms. In the present sample, the
bright dots corresponding to W sites often become dark
[Figs. 2(a) and 2(b)]. This can be assigned to the substitution
of Nb atoms for W atoms [see Fig. 2(c)], as in the case of
Mo1−xWxS2 alloys and Re-doped MoS2.13,14,23) It should be
noted that the STEM images of the doped samples are different
from those of pure WS2 monolayers as observed previously.14)

Through a statistical analysis of the ADF-STEM images
obtained at six different positions of the same grain, the ratio of
dark spots is estimated to be 0.55 ± 0.03%. It should be noted
that it is quite difficult to conduct an elemental analysis on the
present samples by electron energy loss spectroscopy (EELS)
and energy-dispersive X-ray spectroscopy (EDX) because
of the very weak signals from the Nb atoms. The Nb ratio
of 0.55% is much smaller than the initial atomic ratio of
Nb : W ¼ 26 : 74 in the precursors. This indicates a very
low supply rate of Nb, probably due to the fast oxidation of
Nb. Indeed, Nb2O5 crystals were frequently observed on the
substrates after growth in addition to the doped-WS2 crystals.
The suppression of Nb oxidation would be highly desirable
and may be achieved using an alternative precursor for WO3.

The substitutional doping is corroborated by Raman spectra
of the doped WS2 monolayers [Fig. 2(d)]. In these Raman
spectra, two novel peaks are observed, at 379 and 401 cm−1, in
addition to major Raman modes, including the EA, A0

1, and
2LA phonons of monolayer WS2.26) In a previous study of
monolayer Nb1−xWxS2, only a single peak at 383.4 cm−1 was
observed under excitation with laser wavelength of 514 nm
when x is decreased to 0.92, and the peak is assigned to
2H-type NbS2-like A0

1 mode from the peak position.16) It
should be noted that the present sample shows the two Raman
peaks by doping in spite of much lower Nb concentration
(approximately 0.5%) probably due to the resonance Raman
effect.26) In contrast, similar Raman peaks have been also
found at 374 and 394 cm−1 in W-rich monolayer Mo1−xWxS2
alloys (x = 0.5–0.9) grown by CVD.15) In the Mo1−xWxS2
alloy system, the low frequency peak at 374 cm−1 is inter-
preted as a MoS2-like EA mode from the polarization prop-
erties of Raman intensity.27) Within this interpretation, the
shift (5–7 cm−1) in Raman frequencies is presumably caused
by the difference in binding energy between the Nb–S and
Mo–S bonds. It should be noted that the assignment of these
Raman peaks requires further studies on polarization and
resonance effects, and will be reported elsewhere.

(a)

(b)

(d)

(c)

(e)

Fig. 1. (a) Illustration of CVD system used in the present study.
(b, c) Optical microscope images of Nb-doped WS2 monolayers and
multilayers grown by halide-assisted CVD. (d) AFM image of the area
indicated by a black box in (c). (e) Height profile of an Nb-doped WS2
monolayer along the black line in (d).

(d)(a) (b)

(c)

Fig. 2. (a) ADF-STEM image of Nb-doped monolayer WS2. (b) Enlarged image and (c) structure model of the area indicated by a white box in a. Blue, red,
and yellow spheres indicate W, Nb, S atoms, respectively. (d) Raman spectra of undoped, Nb-doped, and Mo-doped WS2 monolayers. The spectra were
normalized and shifted vertically for clarification.
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Although the differences in the Raman spectra for Nb and
Mo doping were small, we observed significant changes in the
PL spectra for Nb-doped samples, which has never been ob-
served for Mo doping in monolayer WS2.15,24,28) As seen in
Fig. 3(a), undoped WS2 monolayers have a PL peak at 1.98
eV, and the peak originates from the emission of free neutral
and charged excitons. In contrast, the doped samples show new
PL peaks at 1.4–1.6 eV, in addition to the peak at approxi-
mately 1.9 eV, and their PL spectra depend on the measure-
ment position because of the gradient in doping concentration,
as shown below. The peak at approximately 1.9 eV is assigned
to emission from neutral and charged excitons, and is shifted
toward lower energy by doping. The low-energy shift is ob-
served for differential reflectance spectra [Fig. 4(c)], and is
presumably derived from doping-induced bandgap narrowing.

It is noteworthy that individual grains have a composition
gradient of Nb and W atoms. As seen in the PL intensity map
[Figs. 3(c)–3(e)], the doping-induced emission at 1.39 eV is
enhanced near the edge of grain, whereas the intensity at 1.92
eV becomes large in the interior of the grain. These results
indicate that the Nb concentration increases towards the grain
surface. Similar results have been obtained for CVD-grown
monolayer Mo1−xWxS2 alloys.15,28) In the case of Mo1−xWxS2,
the supply rate of Mo atoms is higher than that of W atoms,
which leads to the formation of heterostructures based on
Mo-rich and W-rich Mo1−xWxS2. In the present study, the PL
data indicates that W atoms were supplied faster than Nb
atoms through halide-assisted CVD.

The observed low-energy PL peaks at 1.4–1.6 eV can be
assigned to emissions from localized excitons trapped in the
potential induced by impurity atoms because of the following

reasons. Firstly, the intensity of a low-energy PL peak [L peak
in Fig. 4(a)] is easily saturated under excitation with a laser
power higher than 0.4 kW=cm2 [Figs. 4(a) and 4(b)]. In this
power range, the high-energy PL peak [X peak in Fig. 4(a)]
still increases. This saturation can be attributed to the low
density of impurity sites coupled with the long lifetimes
of localized states, as observed in previous reports. Indeed,
the PL lifetime of similar defect states in WSe2 monolayers
has been reported to be approximately 1.79 ns, and a similar
saturation behavior has been observed at 4.2K.9) This lifetime
is much longer than the lifetime reported for A exciton of
monolayers at low temperature (50–80 ps).11,29) Note that the
X peak shows superlinear behavior under excitation with laser
powers higher than 0.4 kW=cm2. This can be explained by the
effective blocking of the relaxation pass from free excitons to
localized states owing to state filling. This leads to an increase
in the lifetime and generation rate of free excitons, resulting
in the superlinear behavior of peak X.

To qualitatively understand the nonlinear PL behavior, we
used the rate equation model for a three-level system.30,31)

The three-level system consists of free excitons (X), localized
excitons (L), and ground (g) states, as shown in the inset in
Fig. 4(b). We considered the formation processes of localized
excitons from free excitons trapped in impurity sites, and the
filling of impurity states. The populations of free excitons
NX(t) and localized excitons NL(t) at time t are expressed as

dNXðtÞ
dt

¼ GðtÞ � �XNXðtÞ � �i½Ni � NLðtÞ�NXðtÞ; ð1Þ
dNLðtÞ
dt

¼ �i½Ni � NLðtÞ�NXðtÞ � �LNLðtÞ; ð2Þ

(a) (b)

(d)

(c)

(e)

Fig. 3. (a) PL spectra of undoped and Nb-doped WS2 monolayers at three different positions indicated in (b). The spectra were normalized and shifted
vertically for clarity. (b) Optical micrograph and (c)–(e) PL intensity maps of a typical crystal of Nb-doped monolayer WS2. Cyan and red indicate the PL
intensities at 1.92 and 1.39 eV, respectively.

(a) (b) (c)

Fig. 4. (a) PL spectra of doped monolayer WS2 grown on an SiO2=Si substrate measured at four different laser powers. The spectra were normalized at
1.96 eV (b) PL intensities (solid circles) of L (upper panel) and X (lower panel) peaks plotted as a function of laser power. Lines indicate the fitting results. The
inset shows a schematic of the three-level system of doped WS2 consisting of the free (X) and localized (L) excitons, and ground (g) states. (c) Differential
reflectance spectra for undoped and doped WS2 monolayers grown on SiO2 substrates.
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where G(t) is the optical constant generation rate of free
excitons, and Ni is the number density of impurity sites
(∼5.8 × 1012 cm−2) estimated from the STEM results. The
variables γX and γL are the decay rates of free and localized
excitons, respectively, to the ground state, and γi is the
formation rate coefficient of localized excitons from free
excitons trapped in impurity sites. At room temperature, γX is
tentatively estimated to be (70 ps)−1 from previous studies on
undoped MoS2 monolayers.11,32) Under steady state condi-
tions, the rate equations can be analytically solved as shown
in the online supplementary data at http://stacks.iop.org/
APEX/9/071201/mmedia. The observed nonlinear behaviors
are well reproduced by the calculated lines [Fig. 4(b)], when
γL and γiNi are set to be (10 ns)−1 and (22 ps)−1, respectively.
It should be noted that more precise measurements, including
time-resolved PL, are desired for quantitative analysis of the
decay rates.

Second, the emission of the L peak has lower energies than
the absorption edge related to the interband optical transition.
To gain insight into the electronic structure of doped samples,
differential reflectance spectra were measured for undoped
and doped WS2 monolayers grown on quartz substrates
[Figs. 4(c) and S2 in the online supplementary data at http://
stacks.iop.org/APEX/9/071201/mmedia]. It can be seen that
the exciton absorption peaks A and B at, respectively, 1.94
and 2.34 eV become broadened. In contrast, almost no
change is observed for peak C at 2.84 eV, which pertains to
the optical transition of the band nesting region.33) Impor-
tantly, the absorption edge is still located at approximately
1.8 eV even after doping. These results suggest that the elec-
tronic structure is not affected significantly by a Nb doping of
approximately 0.5%. Nevertheless, excitons in WS2 mono-
layers are very sensitive to doping because of the enhance-
ment in inhomogeneous broadening and=or dephasing rate.
A major factor of inhomogeneous broadening could be
substitution-induced local changes of electronic structure as
observed in the case of Mo doping.23)

Finally, it should be noted that the doped samples have
comparable integral intensities of PL peaks to the undoped
WS2. For example, the integral intensities at positions #1 and
#3 in Fig. 3(a) are, respectively, almost the same as and half
of that of the undoped sample. This suggests that the dopant
atoms in WS2 monolayers behave as optically active impurity
sites. Because individual grains exhibit compositional gra-
dients in Nb and W atoms, the present samples are useful for
efficiently investigating the effects of impurity concentration
on various chemical and physical properties, such as chemical
reactivity, catalytic activity, charge transfer, quantum yield,
valley polarization, and single photon emission. For single-
photon emitter applications, it is highly desirable to decrease
the impurity density and to find a good combination of
impurity and TMDC atomic layers with high PL quantum
yield. The present technique can be employed to prepare a
wide variety of doped samples, and provide an efficient way
to achieve carrier control in TMDC atomic layers. These
samples are also essential for producing multifunctional
lateral and vertical heterostructures based on TMDCs.
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