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ABSTRACT: Because of their fascinating properties, twodimensional (2D) nanomaterials have attracted a lot of
attention for developing next-generation electronics and
optoelectronics. However, there is still a lack of cost-eﬀective,
highly reproducible, and controllable synthesis methods for
developing high-quality semiconducting 2D monolayers with
a suﬃciently large single-domain size. Here, utilizing a NaOH
promoter and W foils as the W source, we have successfully
achieved the fabrication of ultralarge single-domain monolayer
WS2 ﬁlms via a modiﬁed chemical vapor deposition method.
With the proper introduction of a NaOH promoter, the
single-domain size of monolayer WS2 can be increased to 550
μm, while the WS2 ﬂakes can be well controlled by simply varying the growth duration and oxygen concentration in the carrier
gas. Importantly, when they are fabricated into global backgated transistors, WS2 devices exhibit respectable peak electron
mobility up to 1.21 cm2 V−1 s−1, which is comparable to those of many state-of-the-art WS2 transistors. Photodetectors based on
these single-domain WS2 monolayers give an impressive photodetection performance with a maximum responsivity of 3.2 mA
W−1. All these ﬁndings do not only provide a cost-eﬀective platform for the synthesis of high-quality large single-domain 2D
nanomaterials, but also facilitate their excellent intrinsic material properties for the next-generation electronic and
optoelectronic devices.
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ment for practical uses.10 Typically, chemical vapor deposition
(CVD) is always employed for the growth of wafer-scale 2D
nanomaterials.11 Until now, wafer-scale fabrication of several
2D nanomaterials (e.g. graphene, MoS2, and WS2) has been
readily developed with various CVD methods,8,12,13 but the
crystal quality of most obtained materials is poor, as they are
composed of relatively small grains with high defect
concentration.8,12,13 Inevitably, when they are fabricated into
devices, these nanomaterials always give degraded performance
as compared to the ones made from their mechanically
exfoliated counterparts. In this case, synthesizing large singledomain 2D nanomaterials becomes urgently desired for
technological utilizations. Diﬀerent modiﬁed CVD methods
have then been explored to achieve high-quality large singledomain 2D transition-metal dichalcognides (TMDCs) during

INTRODUCTION
Since the discovery of graphene, two-dimensional (2D)
nanomaterials have attracted a great deal of attention in
research and industry because of their fascinating chemical and
physical properties.1−3 In particular, semiconducting 2D
nanomaterials are demonstrated to have great potential for
applications in next-generation electronics and optoelectronics.3−5 For instance, WS2 is an exciting kind of semiconducting 2D nanomaterial, which exhibits many novel
phenomena, such as the layer-dependent band gap and band
structure, high photoluminescence (PL) quantum yield, large
exciton binding energy, valley-dependent transition selection
rule, and so forth.6 These unique characteristics would make
WS2 an ideal active device material for high-performance
transistors, photodetectors, light-emitting devices, and many
others.7−9
However, synthesis of high-quality 2D nanomaterials
(including monolayer WS2) with a large single-domain size is
quite challenging, which substantially restricts their deploy© 2019 American Chemical Society
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Figure 1. Schematic of the growth setup and characterization of the obtained WS2. (a) Schematic setup for the synthesis of WS2. (b) OM image of
WS2 on sapphire. Inset: Size distribution of the WS2 ﬂakes. (c) SEM image. (d) OM image of WS2 transferred on SiO2 (270 nm)/Si. (e) AFM
image. Inset: Height proﬁle along the white dashed line. (f) HRTEM image. (g) SAED pattern. The growth duration and oxygen concentration (in
volume ratio) for the WS2 ﬂakes shown here are 30 min and 1.0%.

highly desired for the growth of large single-domain 2D
materials.
In this work, utilizing a NaOH promoter and W foils as the
W source, the nucleation density can be well controlled by
tuning the growth parameters, and we successfully achieved the
synthesis of ultralarge single-domain monolayer WS2 ﬁlms via
the modiﬁed CVD method. With the introduction of a NaOH
promoter, the single-domain size of monolayer WS2 can be
increased to 550 μm, while the WS2 ﬂakes can be well
controlled by simply varying the growth duration and oxygen
concentration in the carrier gas. When conﬁgured into
backgated transistors, the WS2 devices exhibit a peak electron
mobility of 1.21 cm2 V−1 s−1. Photodetectors based on these
large single-domain monolayer WS2 also yield the respectable
performance with a maximum responsivity of 3.2 mA W−1. All
these results can not only provide new insights into the
synthesis of large single-domain size of 2D nanomaterials but
also facilitate their applications in next-generation electronics
and optoelectronics.

the past few years. It is possible to enlarge the single-domain
size by accelerating the lateral growth. Under a high sulfur/
WO3 ratio, Xu et al. found that the dominating growth is the
lateral growth when synthesizing WS2 monolayer ﬂakes by an
atmospheric pressure CVD method on sapphire.14 As a result,
large WS2 monolayer ﬂakes of about 135 μm could be
obtained. Substrate treatment is another way toward the large
single-domain TMDCs. Chen et al. found that high-quality
WS2 ﬁlms with single domains of approximately tens or even
hundreds of micrometers could be obtained by silanization
treatment of Si substrates.15 The silanization treatment of the
Si substrate led to the uniform dispersion of WO3 precursors,
which is beneﬁcial for the subsequent formation of high-quality
WS2 during the CVD process. Recently, it was observed that
controlling the nucleation density is a versatile method for the
synthesis of large single-domain TMDCs. In order to control
the nucleation density of TMDCs, various methods were tried.
Yue et al. found that the nucleation density could be eﬀectively
controlled by adjusting the introduction time of S precursors
and the distances between the W source and the substrate.16
Thus, monolayer WS2 ﬂakes as large as 233 μm could be
obtained. Because Au can reduce the barrier energy for the
sulphurization of WO 3 by S atoms, a much lower
concentration of WO3 and S could sustain the growth of
WS2 on Au with a low nucleation density.17 This way, Gao et
al. could synthesize monolayer WS2 ﬁlms with the size of single
domains approaching 1 mm on Au substrates.17 Yang et al.
found that Na in the soda-line glass could act as catalysts to
promote the growth of MoS2.18 They used Mo foil as the Mo
source and adopted a face-to-face conﬁguration to the sodaline glass substrate. The nucleation density could then be well
controlled by the distance between the Mo foil and the sodaline glass. Therefore, they could synthesize large single-domain
MoS2 monolayer ﬂakes up to 400 μm. These investigations
suggest the importance of controlling the nucleation density in
realizing large 2D TMDC ﬂakes during CVD synthesis. In this
regard, new methods for controlling the nucleation density is

■

EXPERIMENTAL SECTION

Synthesis of Monolayer WS2. For the synthesis of monolayer
WS2 ﬂakes, W foil pieces (99.99%, 5 × 10 mm2) with a thickness of
0.1 mm was used as the W source. The W foil was ﬁrst dipped in 1 M
NaOH solution for 5 min and then dried in air naturally. Next, the W
foil was placed in the inner side of a quartz cuvette with a length of 4
cm. The quartz cuvette was subsequently transferred onto a quartz
boat. A piece of single side polished sapphire was placed adjacent to
the open end of the quartz cuvette in the quartz boat. The quartz boat
was eventually inserted into the center of a quartz tube, which was
mounted into a horizontal tube furnace. S powder was placed in a
corundum boat, which was placed at the upstream of the quartz tube.
To start the growth, the pressure within the quartz tube was pumped
to a base pressure of 1 mTorr. A mixture gas of Ar and O2 with a ﬂow
rate of 100 sccm was introduced into the quartz tube, while the
pressure would be stabilized at 0.35 Torr. After that, the furnace was
raised to 950 °C in 30 min and kept at that temperature for a duration
of 10−40 min. S powder was heated by a heating belt with a
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temperature of 140 °C. After the synthesis, the color of the sapphire
substrate became light yellow.
Characterization. The optical microscopy (OM) images were
recorded using an Olympus BX53 optical microscope with reﬂected
illumination. The morphology of the WS2 ﬂakes was evaluated by a
scanning electron microscope (G2 Pro, PhenomWorld). An atomic
force microscope (diMultiMode V, Veeco) was used to measure the
morphology and the thickness of the WS2 ﬂakes. The crystallinity of
the WS2 was assessed by a transmission electron microscope (JEOL
2100F, JEOL Co., Ltd.) after transferring the WS2 ﬂakes onto the
transmission electron microscopy (TEM) grids. A Raman spectroscope (SR-5001-A-R, Andor) with a 532 nm excitation laser was
employed to obtain the Raman and PL spectra of WS2. An X-ray
photoelectron spectroscope (ULVAC-PHI5802) was used to acquire
the X-ray photoelectron spectroscopy (XPS) spectra of WS2.
Device Fabrication and Measurement. For device fabrication,
the WS2 ﬂakes were ﬁrst transferred from sapphire substrates to SiO2
(270 nm)/Si substrates by a surface energy-assisted method.19 After
the transfer of WS2 onto SiO2/Si, the standard photolithography
method was used to deﬁne the source and the drain regions. Then, 5
nm Ti and 50 nm Au were deposited onto the substrate successively
by e-beam evaporation followed by a lift-oﬀ process. The electrical
performance of fabricated ﬁeld-eﬀect transistors was measured in a
vacuum probe station. The chamber was pumped down to 4 × 10−4
Pa before measurement. An Agilent B1500A semiconductor analyzer
was used as the source and measurement units. For the measurement
of fabricated photodetectors, a 532 nm laser was used as the light
source, which was introduced to the vacuum chamber by an optical
ﬁber with a collimator at the end. The light intensity was tuned by an
attenuator and measured by a power meter (PM400, Thorlabs). A
home-made mechanical chopper combined with a signal generator
was used to modulate the light.

center during the growth. In order to get the precise thickness
of the WS2 sheets, atomic force microscopy (AFM) measurements are carried out. The typical AFM image is shown in
Figure 1e. From the height proﬁle along the white dash line
(Figure 1e inset), the thickness of the WS2 ﬂakes is about 0.87
nm, which is consistent with the thickness of single-layer
WS2,20 indicating that the large triangle sheets are single layer
WS2. Interestingly, these triangular sheets do not come with
the perfectly straight and sharp edges but rather have the sawtooth-like morphology, which is evidently observed in the
corresponding high-resolution SEM image (Supporting Information Figure S1). The origin of these saw-tooth-like edges
may be attributed to the competition between the atom
adsorption rate and the edge diﬀusion rate during the material
synthesis.21 For evaluating the crystallinity of obtained WS2
sheets, TEM measurements are performed. As shown in the
typical high-resolution TEM (HRTEM) image in Figure 1f,
clear lattice fringes are observed, indicating the good
crystallinity of WS2. Lattice spacings of 0.27 nm are identiﬁed,
which can be ascribed to the {110} planes of WS2. The
selected area electron diﬀraction (SAED) pattern of a single
WS2 sheet is also collected with clear and sharp diﬀraction
spots (Figure 1g), further conﬁrming the excellent crystallinity
of WS2 being consistent with the HRTEM result discussed
above. All these ﬁndings demonstrate that the high-quality and
large single-domain monolayer WS2 can be eﬀectively achieved
via the modiﬁed CVD method using a NaOH promoter. In
addition, it should be noticed that the WS2 monolayer ﬂakes
have the similar alignment. In order to evaluate the relative
orientation of the WS2 ﬂakes to the sapphire substrate, the
intersection angles of the triangle WS2 ﬂakes with the
horizontal line in Figure 1b were measured and are shown in
Supporting Information Figure S2. The WS2 ﬂakes show
preferential angles at 24° and 84°, indicating the epitaxial
relationship with the underlying sapphire substrate. The van
der Waals epitaxial relation has also been observed in CVD
grown MoS2 on sapphire substrates.22−24 The epitaxial growth
is caused by the similar lattice symmetry of WS2/MoS2 and
perfect lattice registry with sapphire.22,24 Because of the weak
van der Waals epitaxial conﬁnement,24 many unaligned WS2
ﬂakes can as well be observed (Supporting Information Figure
S2).
In order to further evaluate of the crystal quality of obtained
WS2 sheets, Raman spectra of WS2 are measured. As depicted
in Figure 2a, several characteristic Raman peaks of WS2 are
clearly observed, where the peak centered at 299.5 cm−1 can be
assigned to the 2LA(M) − 2E22g(Γ) mode and the peak
centered at 327.7 cm−1 can be attributed to the 2LA(M) −
E22g(Γ) mode. The peaks near 350 cm−1 can be resolved into
three peaks located at 344.1, 353.9, and 358.1 cm−1, belonging
to the E12g(M), 2LA(M), and E12g(Γ) modes, respectively, while
the peak centered at 417.8 cm−1 is ascribed to the A1g mode.
Notably, the wavenumber diﬀerence of between E12g(Γ) and
A1g(Γ) is 59.7 cm−1, together with the absence of the peak near
310 cm−1, indicating that the obtained WS2 is a single
layer,27,32 which is consistent with the AFM result (Figure 1e).
Furthermore, as monolayer WS2 is a direct band gap
semiconductor, it always gives a strong PL.33 The typical PL
spectrum of WS2 is displayed in Figure 2b. There is a strong
emission near 1.96 eV observed, which belongs to the excitonic
emission of monolayer WS2.27 It should be noticed that this
emission peak contains a combination of multiple peaks
because the proﬁle does not exhibit a single Gaussian-like

■

RESULTS AND DISCUSSION
As depicted in the growth schematic in Figure 1a, a piece of W
foil predipped in 1 M NaOH is used as the W source, which is
placed in a semi-sealed quartz tube. With this special setup, the
single-domain size of monolayer WS2 as large as 550 μm can
be obtained (Figure 1b), while the lateral size of these
triangular-shaped WS2 sheets follows Gaussian distribution
with an average size of 375 μm (Figure 1b inset). This domain
size is comparable with the ones synthesized using Au foil
substrates and larger than most of the values reported in the
literature as listed in Table 1. This impressively large singledomain size of WS2 sheets is also conﬁrmed by scanning
electron microscopy (SEM) as shown in Figure 1c. After the
transfer of WS2 from sapphire to SiO2 (270 nm)/Si, the
triangular features of WS2 ﬂakes can be more clearly observed
(Figure 1d). It should be noticed that the center of most of the
WS2 sheets has a thick layer area, which may be the nucleation
Table 1. Lateral Size of Monolayer WS2 Single Domains
W source

substrate

W foil

sapphire

WO3
WO3
WO3
WO3
WO3
WO3
WO3
WO3
H2WO4

Au foil
Au foil
sapphire
SiO2/Si
SiO2/Si
SiO2/Si
SiO2/Si
SiO2/Si
SiO2/Si

lateral size (μm)
the largest: 550,
average: 375
800
420
∼30
200−350
the largest: 178
150
200
the largest: 320
100

electron mobility
(cm2 V−1 s−1)
0.43−1.21
1−2
20
0.46

0.53
1.4
28

refs
our
work
17
25
20
26
27
28
29
30
31
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Figure 2. Spectroscopic characterization of the monolayer WS2. (a)
Raman spectrum of WS2. (b) PL spectrum of WS2. The curve is ﬁtted
by Gaussian function. XO, XT, and D denote the contribution from
neutral exciton, charged exciton, and defect-related emission,
respectively. (c) XPS spectrum of W. (d) XPS spectrum of S.

Figure 3. Characterization of W foils. (a) SEM image of a typical W
foil. (b) SEM image of a W foil predipped with NaOH. (c) XRD
pattern of the W foil before and after processing. W: unprocessed W
foil without any treatment other than thorough cleaning, W−Na: W
foil predipped in NaOH, W−S: W foil reacted with S, W−Na−S: W
foil predipped in NaOH and then reacted with S.

curve. Gaussian ﬁtting is then used to identify the peak
positions of these multiple peaks near 1.96 eV, whereas three
distinct peaks located at 1.92, 1.95, and 1.97 eV are resulted.
Based on the literature report, these three peaks come from the
defect-related emission (D), charged exciton (XT), and neutral
exciton (XO) of monolayer WS2, respectively.34 The existence
of defect-related emission suggests that there are some lattice
defects existing in the WS2 sheets. At the same time, the
chemical composition and valence state of WS2 sheets can be
assessed by XPS. There are three characteristic peaks
associated with W 5p3/2, W 4f5/2, and W 4f7/2 for the scan of
W species (Figure 2c), while there are two distinct peaks
related to S 2p1/2 and S 2p3/2 observed for the scan of S species
(Figure 2d). These results further conﬁrm the successful
synthesis of high-quality monolayer WS2 investigated here.
With the aim of controlled synthesis, it is important to
thoroughly understand the growth mechanism of large singledomain WS2 using this modiﬁed CVD method. It is evident
that the introduction of NaOH and the employment of W foil
are key for the synthesis of monolayer WS2 here. Without
predipping the W foil in NaOH solution, there are almost no
WS2 ﬂakes obtained under the same synthesis condition. This
result indicates that NaOH is beneﬁcial for the formation of
W-contained vapor species. In order to investigate what has
happened to the W foil during the dipping process, SEM
images of the W foil before and after NaOH dipping are
collected and given in Figure 3a,b, respectively. It can be seen
that the as-obtained W foil has the relatively ﬂat surface but the
surface becomes rougher after NaOH dipping. As shown in the
X-ray diﬀraction (XRD) pattern in Figure 3c, there are some
amounts of WO3 existed on all W foils. Possible reactions
between WO3 and NaOH can then happen, leading to the
formation of Na2WO3 together with the rough surface for the
W foil predipped with NaOH. Also, some NaOH would
remain on the W foil surface and we intentionally do not wash
it away. In any case, because of the strong diﬀraction signals
from W, these materials cannot be directly observed from the
XRD pattern. In fact, when the washed W foil is used as the W
source, the obtained result is found to be the same as using the

unprocessed W foil, indicating the important role of NaOH
during the synthesis. After the synthesis of WS2, the XRD
spectrum of the W foil is also evaluated (Figure 3c). For the
foil predipped with NaOH, the peak intensity of WS2 is much
stronger than the undipped one. For the undipped one, both S
and O2 would react with the W foil. As there is a large amount
of S species, dense WS2 ﬁlm will form on the surface of W foil
(Supporting Information Figure S3a). Inevitably, this dense
WS2 layer subsequently prevents the continuous sulfurization
of the W foil, which leads to the weak diﬀraction peaks of WS2
(Figure 3c). As a result, almost no WOx or WS2 species can be
transported to the sapphire substrate. This way, it is impossible
for the growth of WS2 onto the sapphire substrate under this
condition. For the dipped foil, the diﬀraction peaks of WS2 is
very strong, which infers that much of the W foil is sulfurized
into WS2. The possible reaction during the synthesis can be
depicted as the following
NaOH + W + O2 → Na 2WO3 + H 2O

(1)

and
Na 2WO3 + S → Na 2O + WS2

(2)

In this case, it is anticipated that Na2WO3 is more volatile as
compared to WO3, which can be transported to downstream
easily and then reacted with S, forming WS2 on the substrate.
As a result, the formation rate of Na2WO3 is a crucial
parameter in controlling the synthesis of high-quality WS2.
Because of the consumption of W species, the surface of the W
foil after the reaction becomes porous (Supporting Information Figure S3b). It has also been reported that Na species can
act as a very eﬀective promoter for the growth of MoS2 because
Na species reduce the barrier for the formation of MoS2.18
Because of the similarity of WS2 with MoS2, Na species are also
anticipated to act as a promoter for the growth of large singledomain WS2 monolayer ﬂakes.
Apart from NaOH, it is found that the oxygen concentration
of the growth environment also has a signiﬁcant eﬀect in
controlling the domain size of monolayer WS2. To shed light
35241
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Figure 4. Morphology evolution of WS2 as a function of oxygen concentration (in volume ratio) with a ﬁxed reaction time of 20 min. (a) 0.0, (b)
0.5, (c) 1.0, (d) 1.5, and (e) 2.0%. (f) Average domain size as a function of oxygen ratio.

on the function of oxygen during this synthesis, the oxygen
concentration manipulated in terms of volume ratio is varied
for the material growth. Figure 4 illustrates the evolution of
single-domain size of monolayer WS2 as a function of oxygen
concentration. Without feeding oxygen, only a few triangularshaped WS2 sheets are resulted, in which they have a relatively
small lateral size of about 30 μm (Figure 4a), designating the
importance of having oxygen species for large single-domain
WS2 ﬁlms. According to reaction 1, there would not be any
Na2WO3 formed without the introduction of oxygen. In this
case, when no oxygen is intentionally fed, there is only residual
oxygen left in the system that can react with NaOH to yield a
tiny amount of Na2WO3. As a result, there is only a few WS2
ﬂakes found on the substrate. In contrast, with the feed of
oxygen, for example, 0.5%, the size of WS2 sheets is observed
to become larger with an average size of around 80 μm (Figure
4b). When the oxygen concentration reaches 1.0%, the average
size of the sheets increases to more than 210 μm (Figure 4c).
However, the average sheet size decreases with further
increasing the oxygen concentration (Figure 4d,e). The size
evolution of WS2 sheets is also shown in Figure 4f. Similarly,
the crystal nucleation density of WS2 can be roughly estimated
from the number of triangular-shaped ﬂakes. The estimated
nucleation density as a function of oxygen concentration is
then depicted in Supporting Information Figure S4. It is clear
that the nucleation density slightly increases with the
increasing oxygen content and then starts to decrease when
the oxygen content hits 1.0%. For the further increase of
oxygen concentration, the density of nuclei ﬁrst increases and
then reduces again. These results suggest that the growth of
WS2 sheets can be well controlled by manipulating the oxygen
content during the material synthesis. By inspecting reaction 1,
the oxygen concentration can be used to control the formation
quantity of Na2WO3, which in turn dictates the gas
concentration of WS2 as described in reaction 2. The reduced
size and nucleation density at high oxygen content can be
attributed to the etching eﬀect caused by oxygen as the
following
O2 + WS2 → WOx + SOy

therefore, a suitable amount of oxygen is required for the
growth of large single-domain monolayer WS2.
In addition to the eﬀect of oxygen concentration, the growth
duration also plays a key role in controlling the single-domain
size of monolayer WS2. As shown in Figure 5a, for the growth

Figure 5. Morphology evolution of WS2 as a function of growth time
with ﬁxed O2 concentration of 1.0%. (a) 10, (b) 20, (c) 30, and (d)
40 min. Inset: Digital photograph of the sample with 40 min reaction
time.

time of 10 min, the ﬂakes are relatively small with a lateral size
of around 30 μm. When the growth duration increases to 20
min, the lateral size of the ﬂakes becomes much larger to about
200 μm (Figure 5b). With the growth time further increasing
to 30 min, the ﬂakes increase to a lateral size of 300−550 μm,
while some of the ﬂakes already join together (Figure 5c).
Once the growth duration hits 40 min, almost all the ﬂakes
coalesce together, forming a continuous ﬁlm (Figure 5d). A
typical digital photograph of a continuous ﬁlm of about 1.2 ×
2.6 cm2 is depicted in the Figure 5d inset, which indicates that
large-area single-layer WS2 ﬁlms with large single domains can
be readily obtained by the modiﬁed CVD method. The
estimated nucleation density is also evaluated as a function of
time (Supporting Information Figure S5). It is clear that the
nucleation density monotonically decreases for the increasing
growth time. The small ﬂakes would vanish, while the large

(3)

This way, the nucleation and growth of WS2 can be
eﬀectively controlled by the above-discussed parameters;
35242
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ﬂakes grow continuously. This reduced density of nuclei and
increased size of the grains designate that the growth of these
triangular-shaped WS2 ﬂakes follows the mechanism of
Ostwald ripening or Smoluchowski ripening.35 Evidently,
these uniform and large single-domain monolayer WS2 ﬁlms
can be eﬀectively obtained with the optimized oxygen
concentration as well as the long enough growth time.
For practical utilizations, it is essential to assess the electrical
properties of these large single-domain monolayer WS2. Here,
global backgated FETs are constructed using the monolayer
WS2 as the device channel (Figure 6a inset). As depicted in the

where L is the channel length (2 μm), W is the channel width
(73 μm), and Cox is the gate capacitance per unit area (1.27 ×
10−4 F m−2 for 270 nm thick SiO2). In this case, the mobility is
calculated to be 1.03 cm2 V−1 s−1 for the device demonstrated
in Figure 6a. The transistor gives a current ON/OFF ratio of
about 107 as shown in the log-plot of the transfer curves in
Supporting Information Figure S6. More devices are also
measured with the mobility distribution compiled in Figure 6c.
These monolayer WS2 devices are observed to have a mobility
in the range between 0.43 and 1.21 cm2 V−1 s−1 with a center
value of 0.84 cm2 V−1 s−1, being well ﬁtted by Gaussian
function. These mobility values are already comparable with
the ones of CVD-synthesized monolayer WS2 reported in the
literature (Table 1) and mechanically exfoliated monolayer
WS2.36,37 Further improvement of the mobility can be easily
realized by carefully tuning the growth parameters, using the
high-k dielectrics,38 and appropriate metal electrode37 for the
device fabrication.
Besides transistors, WS2 is also an ideal active material for
many optoelectronic devices. In this case, the photodetection
performance of these large single-domain monolayer WS2 ﬁlms
is as well evaluated. Figure 7a displays the Ids−Vds curves of the
device with and without light irradiation. It is clear that the
current increases with the increasing light intensity, demonstrating the photosensitive characteristics. In order to assess
the performance of fabricated detectors, the photocurrent (Ip)
as a function of light intensity (Φ) is measured as given in
Figure 7b. Obviously, the photocurrent is observed to increase
with the increasing light intensity, which is perfectly consistent
with the Ids−Vds curves discussed above. The relationship
between the photocurrent and the light intensity can be well
modeled by an analytical equation of
Ip = A Φα

where A and α are ﬁtting parameters. By ﬁtting the measured
data, α is found to be 0.89. This sublinear relationship of the
photocurrent with respect to the light intensity is mainly
caused by the complex generation, trapping, and recombination processes of the photogenerated carriers, which are always
witnessed in the low dimensional material-based photodetectors.39−41 Here, as the α value is close to 1, it indicates
a relatively low density of charge traps existing in WS2.
Furthermore, responsivity (R) is another ﬁgure of merit
evaluating the capability of transforming light into current of a
photodetector, which is deﬁned as follows

Figure 6. Electrical properties of the obtained triangular-shaped WS2
ﬂakes. (a) Output curves with diﬀerent Vgs. The inset shows the
optical microscope image of the fabricated device. (b) Transfer curves
with diﬀerent Vds. (c) Statistical distribution of the extracted ﬁeldeﬀect electron mobility.

R=

∂Ids L
1
· ·
∂Vgs W CoxVds

Ip
ΦS

(6)

where S is the sensitive area of the photodetector (440 μm2).
Based on the equation, the responsivity is compiled as a
function of light intensity as shown in Figure 7b. At the same
time, because R is also proportional to Φ1−α according to the
eqs 5 and 6, it suggests that R would decrease with the
increasing light intensity. This way, there is a maximum
responsivity of 3.2 mA W−1 observed when the light intensity
is 0.03 mW cm−2. With the increasing light intensity, the
responsivity would reach a saturation value of 1.6 mA W−1.
This relatively high responsivity of the photodetector at low
light intensity is caused by existence of charge traps here. At
low light intensity, one kind of carriers, for example, if holes are
trapped, the recombination rate of electrons and holes is
reduced, leading to the increase of the lifetime, τ, of electrons.

device output curves in Figure 6a, the drain−source current,
Ids, increases with the increasing gate voltage Vgs, indicating the
typical n-type conductivity of WS2. The almost linear Ids−Vds
curves suggest the Ohm-like contact between the electrodes
and the WS2 channel. At the same time, when the device
transfer characteristics are assessed in Figure 6b, the Ids
increases with the increasing Vgs, which is consistent with the
output curves. Based on the output curves, it can be inferred
that the device operates in the linear regime. This way, the
ﬁeld-eﬀect electron mobility of the channel can be extracted by
the following equation of
μ=

(5)

(4)
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Figure 7. Photodetection performance of the obtained triangular-shaped WS2 ﬂakes. (a) Ids−Vds curves under diﬀerent light intensity. The inset
shows the optical microscope image of the fabricated photodetector. (b) Photocurrent and responsivity vs light intensity. (c) Output current vs
time under modulated light irradiation with a light intensity of 1.45 mW cm−2. (d) High-resolution current versus time curve. The Vds for (b−d) is
2 V. The wavelength of the light irradiation is 532 nm.

The gain, G, of a photoconductive detector is deﬁned as G = τ/
ttr (ttr is the transit time of carriers between electrodes). In this
regard, the gain would increase at low light intensity, leading to
the increase of responsivity. At high light intensity, most of the
traps are ﬁlled, and the recombination rate of electrons and
holes increases; therefore, the responsivity reduces accordingly.
On the other hand, the operation stability of a photodetector
under modulated light irradiation is extremely important for
practical applications. As illustrated in Figure 7c, the stable onand oﬀ-state current under modulated light irradiation are
witnessed, conﬁrming the excellent stability of the device. To
get the corresponding response time of the photodetector, the
high-resolution current versus time curve is collected and
shown in Figure 7d. The rise (tr) and decay (td) time are
deﬁned as the time interval for photocurrent varied from 10 to
90% and vise visa, respectively. In this case, the rise and decay
time are determined to be 0.16 and 0.17 s, accordingly. These
respectable photodetection characteristics clearly indicate the
potential of these large single-domain monolayer WS2 for highperformance optoelectronic devices.

synthesis of high-quality, uniform, and large single-domain
monolayer WS2 ﬁlms, but also facilitates their excellent
intrinsic material properties for promising applications in
next-generation electronics and optoelectronics.
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