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ABSTRACT: Two-dimensional material van der Waals
(vdW) heterostructures provide an excellent platform for
design of novel optoelectronics. In this work, transition-metal
dichalcogenide WS2 nanodiscs (WS2-NDs) of lateral dimen-
sion of 200−400 nm and layer number of 4−7 were
synthesized on graphene using a layer-by-layer, transfer-free
chemical vapor deposition. On this WS2-NDs/graphene vdW
heterostructures, localized surface plasmonic resonance
(LSPR) was achieved, resulting in remarkably enhanced light
absorption as compared to the counterpart devices with a
continuous WS2 layer (WS2-CL/graphene). Remarkably, the photoresponsivity of 6.4 A/W on the WS2-NDs/graphene
photodetectors is seven times higher than that (0.91 A/W) of the WS2-CL/graphene vdW heterostructures at an incident 550
nm light intensity of 10 μW/cm2. Furthermore, the WS2-NDs/graphene photodetectors exhibit higher sensitivity to lower lights.
Under 550 nm light illumination of 3 μW/cm2, which is beyond the sensitivity limit of the WS2-CL/graphene photodetectors,
high photoresponsivity of 8.05 A/W and detectivity of 2.8 × 1010 Jones are achieved at Vsd = 5 V. This result demonstrates that
the LSPR WS2-NDs/graphene vdW heterostructure is promising for scalable high-performance optoelectronics applications.
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1. INTRODUCTION

Photodetectors based on two-dimensional (2D) materials,
such as graphene and transition-metal dichalcogenides
(TMDCs), have received considerable attention recently
because of their promising electronic and optical properties.
Specifically, van der Waals (vdW) heterostructures of graphene
and photoactive 2D materials such as TMDCs provide a
promising scheme to design high-performance photodetectors
that combine the advantage of enhanced light absorption in 2D
atomic layers of TMDCs and high charge mobility in graphene.
For example, in the TMDC/graphene vdW heterostructure
photoconductors, the TMDC layer absorbs the incident light
and the generated electron−hole pairs or excitons can be
dissociated to free carriers by the built-in electric field at the
TMDC/graphene interface. Transferring carriers to graphene
can be also facilitated by the interface built-in field, resulting in
a photogating effect on graphene, and hence photoresponse as
the graphene channel conductivity changes.1 The high mobility
of graphene gives rise to a very short transit time (τtransit) of the
charge carriers within the life time of the excitons (τexciton),
resulting in a high photoconductive gain, which is proportional
to the ratio of the τexciton and τtransit, up to 108 to 109.2−5

Various reports have demonstrated high performance of the
TMDCs/graphene vdW heterostructures photodetectors.1,6−8

The visible photoresponsivity up to 835 mA/W has been
reported for a photodetector based on printed MoS2 on
transfer-free graphene.6 The high performance of this device is
attributed to a clean interface between MoS2 and the transfer-

free graphene. However, a higher photoresponsivity can be
obtained by applying a gate voltage to better align the
electronic structure at the vdW interface for more efficient free
carrier transfer. For example, Xu et al. reported photo-
responsivity of 10 A/W on the MoS2/graphene phototransistor
by application of a back-gate voltage VBG = −20 V to facilitate
the transfer of photo-excited holes from the MoS2 layer to
graphene.1 This is in contrast to the lower photoresponsivity of
4.3 A/W at VBG = 0 V. Interestingly, all of these TMDC/
graphene heterostructure devices provide much higher
performance than those based on the TMDCs or graphene
only. For example, the reported responsivities are 18.8 mA/W
on monolayer WS2 photodetectors under a gate voltage of 60
V,9 7.5 mA/W on monolayer MoS2 photodetectors at a gate
voltage of 50 V,10 and less than 1 mA/W on bilayer11,12 and
single-layer graphene photodetector.13 This illustrates the
unique advantage of the TMDC/graphene vdW heterostruc-
tures in achieving optimal optoelectronic process of light
absorption, exciton dissociation, carrier transfer, and transport
through introduction of graphene with high charge mobility.
However, light absorption in TMDC/graphene vdW

heterostructures is still limited because of the small thickness
of the TMDC as the photosensitizer. In fact, the limited light
absorption issue represents a fundamental challenge in
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optoelectronic devices that only use a thin layer of sensitizer,
such as quantum dots of typical diameter of a few nanometers
and 2D materials of thickness in the similar range or
smaller.4−7,14−16 Development of new approaches for light
trapping is therefore critical to enhance the performance of
these devices. In this work, we report a novel photodetector
based on a WS2 nanodiscs (NDs)/graphene vdW hetero-
structure. We show that the WS2-NDs with a lateral dimension
in the range of about 200−400 nm allows localized surface
plasmonic resonance (LSPR) to be generated upon light
illumination and hence photo-doping, enabling enhanced light
absorption and hence photoresponsivity. Furthermore, the
WS2-NDs were synthesized on transfer-free graphene directly
grown on SiO2/Si substrates using chemical vapor deposition
(CVD), which is critical to obtain a clean vdW WS2-NDs/
graphene interface to facilitate charge transfer. On the WS2-
NDs/graphene photodetectors, enhanced photoresponsivity by
at least seven times has been demonstrated as compared to the
continuous WS2 layer on graphene (WS2-CL/graphene)
heterostructure counterparts’. In the following, we report the
experimental results.

2. EXPERIMENTAL SECTION
2.1. Transfer-Free CVD Graphene Synthesis. The synthesis of

graphene was carried out into a quartz tube reactor (25 mm in
diameter) inside of a horizontal CVD furnace and the details of the
CVD process can be found in our previous report.17 Briefly, a clean
SiO2/Si substrate was inserted into the center of the quartz tubular
reactor. Then, H2 (120 sccm) was introduced in the reactor while
increasing the temperature until the desired temperature (1065 °C)
was reached. Thereafter, CH4 (30 sccm) was fed into the reactor to
start graphene growth directly on the SiO2/Si substrate. The growth
time was maintained for 3 h. Finally, after graphene growth, the
furnace was naturally cooled to room temperature under the
protection of H2.
2.2. Growth of WS2-NDs on Graphene. The synthesis of WS2-

NDs was carried out on the graphene/SiO2/Si substrate. A 10 mg
ammonium tetrathiotungstate (NH4)2WS4 was dissolved in 10 mL of
N,N-dimethylformamide to make precursor solution with a
concentration of 0.1 wt %. The solution was sonicated for 30 min
for more dissolution. The SiO2/Si substrate with graphene was dipped
into the (NH4)2WS4 precursor solution then the solution was spin-
coated onto the graphene/SiO2/Si substrate at 3000 rpm for 60 s.
One dip coating followed by immediate spin coating at 3000 rpm, will
result in a very thin layer of the precursor that segregated into NDs
with a small diameter (∼200−400 nm). Increasing the number of
dipping times (∼1−5 times) into the precursor leads to a different
morphology for the WS2 from NDs, large islands, to continuous
layers. Afterward, the substrate was placed in the quartz tube CVD
furnace and the temperature is raised to 450 °C under a flow of Ar/H2
(40:10 sccm), and 2 g of sulfur powder was placed in the upstream of
the quartz tube. The pressure was maintained at 50 mTorr. Then, the
sample was annealed for about 1 h before cooling down naturally to

room temperature. WS2-CL was synthesized using the otherwise same
procedure except the sample was dip-coated a few times (∼5 times)
before spin-coating. This means one-dip of the sample into the
(NH4)2WS4 precursor solution followed by immediate spinning at
3000 rpm would lead to the formation of an ultrathin precursor layer,
which self-assembled into WS2-NDs with a small diameter (200−400
nm) upon further annealing. With increasing number of dips to 2−3
times would lead to a thicker precursor layer and hence WS2-NDs
with a larger diameter. With a further increase of the number of dips, a
continuous WS2 of a few monolayers in thickness would form. This
result indicates that the main factor to determine the morphology of
the WS2 is the thickness of the precursor.

2.3. WS2-NDs/Graphene Photodetector Fabrication and
Characterization. The metal electrodes (source and drain) of Au
(40 nm)/Ti (10 nm) were deposited on graphene using electron-
beam evaporation through a metal shadow mask. The distance
between the electrodes (graphene channel length) is about 250 μm.
Then, the substrate was dipped into the precursor solution followed
with the spin-coating for a uniform layer covering the entire sample
including the electrodes. Afterward, the substrate was placed in the
CVD furnace for WS2 growth. Raman spectra and Raman maps of
graphene and WS2 were collected using a Witec Alpha300-Confocal
Raman microscope. Atomic force microscopy (AFM) on the same
Witec system was employed to characterize the morphology and
dimension of the WS2-NDs. Current−voltage (I−V) characteristics of
the photodetectors were measured using a CHI660D electrochemical
workstation. The temporal photoresponse measurements, at 550 nm
illumination with different powers and different bias voltages, were
performed using an Oriel Apex monochromator illuminator.

3. RESULTS AND DISCUSSION

Figure 1a shows the schematic diagram of the WS2-NDs/
graphene vdW heterostructure photodetector with the source
and drain electrodes. Under light illumination, the photo-
excited electron−hole pairs are generated in the WS2-NDs and
separated at the WS2-NDs/graphene interface because of the
built-in electric field.6,18 In the WS2-NDs, a strong LSPR can
be induced via carrier doping of semiconducting WS2-NDs as
depicted schematically in Figure 1b. This results in enhanced
light−solid interaction and hence light absorption in WS2-NDs
as compared to the case of the WS2-CL. Figure 1c illustrates
the electronic band diagrams of the WS2-NDs and the p-doped
graphene at their interface. The p-type doping effect in CVD
graphene is common because of adsorbed polar molecules such
as H2O on graphene in ambient conditions.4,5,19 Based on the
interface band diagram, the holes dissociated from electron−
hole pairs are injected into graphene and the electrons remain
trapped in the WS2-NDs before they recombine with holes.
After the transfer, the holes will drift along the graphene
channel with high mobility between source and drain
electrodes under a bias voltage (Vsd) with a short transit
time τtransit, which is given by2

Figure 1. (a) Schematic illustration of the photodetector based on WS2-NDs/graphene vdW heterostructure. (b) Zoom-in view of the WS2-NDs/
graphene photodetector with an illustration of the charge transfer process at the vdW interface. (c) Electronic band diagram of p-doped graphene
and the WS2-NDs (Ef: the Fermi level, CB: conduction band, and VB: valence band).
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L
Vtransit

2

sd
τ

μ
=

(1)

where L is the graphene channel length and μ is the carrier
mobility. The trapped electrons in the WS2-NDs have the
exciton lifetime τexciton that is significantly longer than the τtransit
because of the quantum confinement in the WS2-NDs and high
carrier mobility of graphene, allowing the holes to circulate
multiple times before they recombine with electrons.
Consequently, a high photoconductive gain (G) defined by6

G exciton

transit

τ
τ

=
(2)

can be achieved.
Figure 2a displays an optical image of the WS2-NDs/

graphene vdW heterostructure. The sample looks fairly
uniform in large areas. The two characteristic peaks of WS2-
NDs, at 357.16 and 421.9 cm−1, are shown in the Raman
spectrum (red) in Figure 2b. These two peaks correspond to
the in-plane E2g

1 mode and out of plane Ag
1 mode of WS2.

20,21

The full width at half maximum (fwhm) of E2g
1 and Ag

1 Raman
peaks are about 18.95 and 8.55 cm−1, respectively, illustrating
good crystallinity with moderate defects. However, these fwhm
values of WS2-NDs are relatively larger than that reported for
the crystalline exfoliated WS2 of 11.17 and 4.67 cm−1,22 which

suggests the presence of growth defects in the WS2-NDs.
Consequently, the WS2-NDs may be doped because of the
presence of the defects, which may contribute to the LSPR
effect as to be discussed in the following. The Raman spectrum
of the WS2-CL (black) is also included in Figure 2b. The slight
blue shift of the E2g

1 mode to 360.26 cm−1 could be attributed
to the smaller number of layers of the WS2 (2−3) as opposed
to that WS2-NDs (4−7). The optical absorption spectra of the
WS2-NDs with different size and density were taken in the
wavelength range of 400−900 nm. The WS2-NDs samples with
smaller sizes and higher density exhibit slightly higher
absorption as shown in Figure S1c. The Raman characteristic
G and 2D peaks of graphene at ∼1609.00 and 2689.01 cm−1,
respectively, are clearly seen in Figure 2c: graphene (green),
graphene with WS2-NDs (red) and graphene with WS2-CL
(black). It should be noted that the total amount of the WS2
material is much more in the WS2-CL/graphene as compared
to the WS2-NDs/graphene samples because of thicker coating
of the precursor in the former. The larger number of the WS2
layer number may be attributed to the segregation of the very
thin WS2 into WS2-NDs in the latter case. The G peak
corresponds to the E2g

1 phonon at the Brillouin zone center and
the 2D peak is the second order of the D peak that
corresponds to Ag

1 breathing mode.6,23,24 The low intensity
of the D peak for the graphene at 1357.12 cm−1 on graphene

Figure 2. (a) Optical image of WS2-NDs/graphene; (b) Raman spectra of WS2-CL (black), and WS2-ND (red) on graphene; (c) Raman spectra of
graphene with WS2-NDs (red), with a WS2-CL (black), and without WS2 (green).

Figure 3. 10 × 10 μm2 Raman mapping images for (a) E2g
1 peak of WS2-NDs; and (b) 2D peak of graphene. The dashed square in Figure 2a is the

area used for the Raman map of WS2-NDs/and graphene; (c) 3D image for a WS2-ND with thickness of ∼5 nm and lateral dimension of ∼200 nm.
(d) Enhancement factor as a function of laser power using excitation lasers of 532 nm.
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and graphene with WS2-NDs indicates the high quality of the
transfer-free graphene that remain intact after the growth of
WS2-NDs. As shown in Figure 2c, the G and 2D peaks of
graphene with the WS2-NDs (red) are enhanced by 2.6 and 3
times, respectively, as compared to that on graphene without
the WS2-NDs (green). The enhancement is attributed to the
LSPR of the WS2-NDs similar to the LSPR of Au
nanoparticles, which induces a similar enhancement of the G
and 2D peaks of graphene in Au nanoparticles/graphene
heterostructures.25,26 However, no such enhancement was
observed in the WS2-CL/graphene case (black). Moreover, an
enhanced D peak (defects) and a reduced I2D/IG ratio on this
sample can be attributed to the interfacial interaction of
graphene with WS2-CL.

27 Figure S2 shows Raman spectra of
2D peaks of graphene of the three different samples of
graphene only, WS2-NDs/graphene and WS2-CL/graphene.
Interestingly, a blue shift of the 2D peak position from 2689.01
cm−1 for the graphene only to 2695.98 cm−1 for the WS2-NDs/
graphene sample was observed, indicating the hole-injection to
graphene from WS2-NDs. In contrast, no obvious change was
observed in the position of the 2D peaks in the WS2-CL/
graphene with respect to that of the graphene only sample.
While the mechanism underlying the LSPR in WS2-NDs
requires further investigation, two mechanisms are likely to
contribute to the LSPR in WS2-NDs. First, it is well known
that semiconductor nanocrystals can a exhibit plasmonic effect
upon carrier doping induced either via chemical composition
control or/and defects.28−30 On the other hand, the reduction
of the WS2 lateral dimension to NDs is critical as we shall
discuss in the following through a comparative study of the
WS2-NDs/graphene and WS2-CL/graphene photodetectors.
Figure 3a,b displays the Raman intensity maps of the E2g

1 peak
of the WS2 and the 2D peak of graphene, respectively. The
mapped area is marked in Figure 2a, showing the “disc-like”
morphology of the WS2-NDs with an average lateral dimension
<500 nm grown on a continuous layer of transfer-free CVD
graphene. Figure 3c shows an AFM image illustrating the disc-
like shape, the height, and the lateral dimensions of a WS2-ND.

Based on the AFM analysis over multiple samples, the WS2-
NDs have a lateral dimension on the order of 200−400 nm,
and the height of 4−5 nm. This means that the WS2-NDs are
multilayers with the layer number ranging from 4 to 7 layers of
WS2. An AFM image and a line-scan height profile over
multiple WS2-NDs on graphene are illustrated in Figure S3a,b
for the analysis of the uniformity of WS2-NDs in terms of the
ND dimension and distribution. Based on the AFM analysis,
the lateral and vertical dimensions of the WS2-NDs are in the
range of 200−400 and 4−5 nm, respectively. In addition, the
density of the WS2-NDs is around 3−4/μm2. The importance
of the geometry change can be illustrated in the LSPR
enhancement factor that is defined as the ratio of the graphene
Raman 2D peak with and without WS2-NDs under the same
Raman measurement condition. As shown in Figure 2c, no
LSPR enhancement can be observed on WS2-CL/graphene
while a strong LSPR enhancement can be observed on WS2-
NDs/graphene samples. In Figure 3d, the LSPR enhancement
factor of the WS2-NDs/graphene sample was further
investigated as a function of the optical power using excitation
lasers of 532 nm. The enhancement of Raman signatures of
analyte by metal plasmonic nanostructures has been reported
by many groups, which has been used to design substrates for
surface-enhanced Raman spectroscopy (SERS). Among others
reported, the metal nanostructure/graphene SERS substrates
have Raman enhancement due to both electromagnetic
mechanism (EM) with enhancement factors up to 108 through
LSPR on metal nanostructures and chemical mechanism with
enhancement factors up to 103 because of charge transfer from
analyte and graphene.26,31−34 The EM depends on the
evanescent electromagnetic field enhancement created at/
near the surface of metal nanostructures because of collective
electron oscillation on the metal surface upon light
illumination. If graphene is treated as the “analyte”, the
Raman signatures of graphene, including both G and 2D peaks
are expected to be enhanced in the metal nanostructure/
graphene SERS substrates, which has been indeed confirmed
experimentally using the stronger 2D peak.25 In order to be

Figure 4. (a) I−V characteristics measured in the dark and upon 550 nm illumination at Vsd = 0−6 V. (b) Photoresponse of the device at various
bias voltages under various incident optical power. (c) Dynamic photocurrent measured in response to 550 nm light on and off for WS2-NDs/
graphene photodetector. (d) Enlarged part of (c).
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consistent to quantify the LSPR effect of the WS2-NDs on
graphene, the graphene 2D peak was employed on the WS2-
NDs/graphene samples. The enhancement factor of the 2D
peak of graphene has a moderate dependence on the excitation
power with a shoulder observed at 0.2−0.4 mW. Below the
shoulder, the enhancement factor is around 2.3−2.4 and above
the shoulder, it increases with the increasing power up to ∼3.4
at 0.8 mW, followed with a slow decrease to about 2.7 at 10
mW. While further investigation is necessary, this power
dependence of the LSPR enhancement factor suggests
photodoping may play an important role in the LSPR effect
of the WS2-NDs.

35 Figure 4a shows the I−V characteristic
curve of the WS2-NDs/graphene photodetector in the dark
(black) and in response to illumination (at 550 nm) (green)
with a fixed optical power of 100 mW. The illuminated current
increases linearly as the bias voltage varies from 0 to 6 V
because of the increase in carrier drift velocity and the decrease
in transit time of the carrier between the electrodes.36 The
linear I−V curve indicates an Ohmic contact between the
heterostructure and electrodes. The difference between the
illuminated and dark currents is defined as photocurrent (Iph =
Ilight − Idark) Figure 4b shows the dynamic photocurrent in
response to light on and off at different bias voltages and
different illumination powers at 550 nm. The photocurrent
decreases with decreasing both the bias voltage and the power
of the incident light, which is attributed to the decreased of
number of photogenerated exciton (electron−hole pairs) as
the incident optical power decreases from 12 to 0.15 μW.
Figure 4c illustrates the dynamic photocurrent in response to
multiple pulses of the 550 nm light illumination, illustrating a
fast and stable photoresponse. The temporal photoresponse of
the photodetector is characterized by a typical rise and fall time
(trise and tfall). The trise is the required time for photocurrent to
rise from 10 to 90% of its maximum and the tfall is the time the
photocurrent takes to decay from 90 to 10%.37 For the WS2-
NDs/graphene devices, the trise = 10 ms and tfall = 20 ms at Vsd
= 5 V is depicted in Figure 4d by the magnified part from
Figure 4c, which is slightly faster than MoS2-CL/transfer-free

graphene (20−30 ms)6 under the same conditions and also
faster than MoS2/transferred-graphene (3.2−1.2 s).38 To
elucidate the impact of the LSPR effect in the WS2-NDs/
graphene on the performance of the photodetectors, a
comparative study of the photoresponse was carried out on
the WS2-NDs/graphene photodetectors with different WS2-
ND areal density and WS2-CL/graphene photodetectors. The
photodetectors are fabricated and measured under the same
conditions. Figure 5a−f illustrates the optical images and
Raman maps for the WS2 on graphene: with higher WS2-NDs
areal density (a,b), lower WS2-NDs areal density (c,d), and
WS2-CL (e,f). The dynamic photoresponse and photo-
responsivity of these three samples are compared in Figure
5g,h. The highest measured values for photocurrent and the
photoresponsivity (23 μA, 6.4 A/W) were observed on the
WS2-NDs/graphene sample with denser and smaller lateral size
(200−400 nm). In the case of a less dense and larger size WS2-
NDs (∼500−1200 nm) shown in Figure 5c,d, the photo-
current and the photoresponsivity are decreased to 18 μA and
2.5 A/W, respectively. The lowest measured values for the
photocurrent (11 μA) and the photoresponsivity (0.912 A/W)
were found on the photodetector with a continuous layer of
WS2 on graphene, Figure 5e,f. The obtained values
demonstrate the dependence of photocurrent and photo-
responsivity on the WS2 morphology. The photodetector with
smaller and denser WS2-NDs shows a better performance. The
observed photoresponse in this work is because of the
photogating effect. In the presence of the LSPR effect on the
WS2-NDs, the enhanced light absorption by the WS2-NDs
would result in higher photogating effect and hence photo-
response. We attributed the superior performance of WS2-
NDs/graphene photodetector to enhanced photogating effect
because of the LSPR effect generated by WS2-NDs. The
photoresponsivity (R) is an important figure-of-merit for a
photodetector and is defined as38

R
I

P
ph

in
=

(3)

Figure 5. (a,c,e) Optical and (b,d,f) Raman mapping images of WS2 with smaller and denser WS2-NDs in WS2-NDs/graphene (orange); larger and
more dilute WS2-NDs/graphene (purple) samples, and WS2-CL/graphene (blue). (g) Corresponding dynamic photocurrents measured in
response to 550 nm light on and off and (h) photoresponsivity as a function of the incident light intensity on the three devices.
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where Pin is the illumination power.
Figure 6a,b compare the R values measured on WS2-NDs/

graphene and WS2-CL/graphene devices as a function of
incident light intensity. The R values of both devices decrease
monotonically with increasing incident power, while the
photocurrent increases with increasing the power of incident
light. The decrease in the R value is ascribed to the decreasing
of charge carrier concentration which result in a lower e−h
recombination.6 At lowest power density of 10 μW/cm2, the
WS2-NDs/graphene photodetector has a photoresponsivity of
6.4 A/W, which is seven times higher than the 0.91 A/W on
the WS2-CL/graphene counterpart. This illustrates the impact
of the enhanced light absorption in WS2-NDs as compared to
the WS2-CL. It should be noted that the R values on the WS2/
graphene vdW heterostructure photodetectors are considerably
higher than that reported for WS2 (0.0188 A/W)9 and for
graphene (0.0061 A/W).12 Figure 6c illustrates photocurrent
response of both photodetectors to light illumination (λ = 550
nm) at a bias of 5 V. The enhancement of photocurrent is
clearly observed. The optimized performance of the WS2-
NDs/graphene photodetector can be attributed to the LSPR of
WS2-NDs. The spectral photoresponsivity of the WS2-NDs/

graphene and WS2-CLs/graphene photodetectors are com-
pared in Figure 6d. Overall, the photoresponsivity over the
entire wavelength range of 400−800 nm is higher in the WS2-
NDs/graphene devices as compared to that of the WS2-CLs/
graphene. This enhanced photoresponsivity is attributed to the
enhanced light absorption by the LSPR WS2-NDs. It should be
noticed that a broad peak of photoresponsivity is present at
∼500−550 nm, most probably corresponding to the LSPR
wavelength of the WS2-NDs upon photodoping. The results
revealed that the LSPR WS2-NDs can provide promising
photosensitizers for enhanced performance in vdW photo-
detectors.
Figure 7a displays the reduction of the photocurrent as the

light power decreases from 12 to 0.15 μW, measured at a 5 V
bias and 550 nm illumination. The photocurrent reduction is
due to the decrease of photo-generated excitons and hence free
carriers. The measured external quantum efficiency (EQE) of
the WS2-NDs/graphene photodetector is illustrated in Figure
7b. The EQE can be calculated by18

I e

P h
EQE

( / )

( / )
ph

in ν
=

(4)

Figure 6. Photoresponsivity and photocurrent as a function of the incident light intensity of (a) WS2-NDs/graphene heterostructure
photodetector; and (b) WS2-CLs/graphene photodetector. (c) Dynamic photoresponse of the WS2-NDs/graphene heterostructure photodetector
(red) and WS2-CLs/graphene photodetector (black) measured in response to 550 nm. (d) Spectral photoresponsivity of the WS2-NDs/graphene
photodetector (red) and WS2-CLs/graphene photodetector (black).

Figure 7. (a) Dynamic photoresponse of the WS2-NDs/graphene heterostructure photodetector measured in response to 550 nm light on and off
with different incident light powers; (b) Detectivity and the EQE as a function of the incident light intensity.
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where h is Planck’s constant, ν is the frequency of incident
light, and e is the electron charge. An EQE of 1800% was
observed at the lowest power intensity and it decreases with
increase the power intensity. The detectivity (D*) is another
figure of merit of photodetectors and it can be defined as2
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where A is the active area of the device, NEP is the noise
equivalent power, and in

2 is the noise current. We assume that
the total noise limiting the detectivity is dominated by shot
noise from Idark, hence the D* can be expressed as18
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where Idark is the dark current. The calculated D* for the WS2-
NDs/graphene photodetector was about 2.8 × 1010 Jones. The
EQE and D* were measured at a 5 V bias under light
illumination of 550 nm with a light intensity of 3 μW/cm2. It
should be mentioned that at this low light power density of 3
μW/cm2, the WS2-CLs detectors did not show any measurable
responses, indicating the WS2-NDs/graphene photodetectors
have larger dynamic range extending to lower light. The results
have revealed that the TMDC-NDs/graphene photodetectors
can improve the photodetection as compared to the previously
reported on photodetectors based only on continuous 2D
material sheets as well as on the TMDC-CLs/graphene
photodetectors (Table 1).

4. CONCLUSIONS
In conclusion, we have successfully synthesized WS2-NDs on
transfer-free graphene using a layer-by-layer CVD process.
Specifically, the WS2-NDs with a lateral dimension of ∼200−
400 nm and WS2 layer number of 4−7 were obtained by
coating a very thin layer of the (NH4)2WS4 precursor solution
followed by annealing at 450 °C under a flow of mixed gases of
Ar and H2. In contrast, a continuous layer of WS2 was typically
obtained using a thicker precursor solution layer. Photo-
detectors of WS2-NDs/graphene and WS2-CL/graphene
heterostructures were fabricated and characterized in the
visible spectrum. Interestingly, the lateral confinement of the
electrons in WS2-NDs leads to a strong LSPR effect as
illustrated in enhanced Raman signatures of graphene by up to
3.4 in the WS2-NDs/graphene heterostructures, which is
similar to that on the metal nanoparticles/graphene hetero-
structures. In contrast, no such enhancement was observed on
WS2-CL/graphene. The LSPR effect enhances the photo-
response of the WS2-NDs/graphene photodetectors consid-
erably as compared to their counterparts based on the WS2-

CL/graphene. Under 550 nm light illumination of power
intensity of 3 μW/cm2 and bias voltage of 5 V, the WS2-NDs/
graphene photodetectors exhibited photoresponsivity of 8.05
A/W, an EQE of 1800%, and a detectivity of 2.8 × 1010 Jones.
Because the light intensity of 3 μW/cm2 is beyond the
detection limit of the WS2-CL/graphene photodetectors, the
performance of the two photodetectors were compared at a
higher intensity of 10 μW/cm2 at 550 nm. The WS2-NDs/
graphene photodetectors exhibited seven-time higher photo-
responsivity of 6.4 A/W than the 0.91 A/W of the WS2-CL/
graphene vdW heterostructures photodetectors. This result
demonstrates the important role of the LSPR effect in
enhancing the light absorption in WS2-NDs and hence the
performance of the WS2-NDs/graphene photodetectors.
Finally, the layer-by-layer transfer-free approach developed
for fabrication of the WS2-NDs/graphene heterostructures is
low-cost and scalable for commercialization of high-perform-
ance optoelectronic devices.
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device structure Vsd (V) VBG (V) R (A/W) τrise/τfall (ms) λ (nm) channel length (μm) refs

graphene 0 60 0.001 632.8 1.45 13
WS2 20 0.0188 60/190 532 30 9
MoS2 1 50 0.0075 50/50 550 5 10
MoS2/graphene 0.1 −20 10 280/1500 632.8 ∼20 1
MoS2/graphene 5 0 0.835 20/30 540 250 6
MoTe2/graphene −2 0 0.02 30/30 532 ∼10 8
WS2-CLs/graphene 5 0 0.91 10/20 550 250 this work
WS2-NDs/graphene 5 0 6.4 10/20 550 250 this work
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