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ABSTRACT: Coupling plasmons and excitons provide a promising approach
to enhance the performance of photodetectors based on two-dimensional (2D)
atomic layer heterostructures. Herein, we report a nanohybrid photodetector
achieved by transferring a nonmetallic plasmonic WS2 nanodisk/graphene van
der Waal (vdW) heterostructure grown using chemical vapor deposition, on
metallic plasmonic Ag nanoparticles embedded in 20 nm thick silica (AgNP-
metafilm) fabricated using in situ Ag and Si evaporation through a shadow
mask. This nanohybrid photodetector enables not only superposition of the
plasmonic effects from the two plasmonic nanostructures, but also the effective
coupling of the plasmons and excitons in WS2 nanodisks upon illumination. This leads to a high responsivity of 11.7 A/W on the
graphene/WS2 nanodisks/AgNP-metafilm under an incident illumination power of 5.5 × 10−8 W at 450 nm, which represents a
500% enhancement over that of the counterpart without the AgNP-metafilm. The finite element time-domain simulation of the local
light field distribution indicates that the enhancement can be attributed to enhancement of exciton (electron−hole pair) excitation
and exciton−plasmon coupling in the graphene/WS2 nanodisks/AgNP-metafilm photodetectors. In addition, the approach for
fabrication of the graphene/WS2 nanodisks/AgNP-metafilm heterostructures is scalable and cost efficient and hence promising for
commercial applications.
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1. INTRODUCTION

Two-dimensional (2D) atomic materials such as graphene and
transition-metal dichalcogenides (TMDCs) have received
much attention due to their superior optical and electronic
properties. The combination of graphene and TMDCs in the
so-called TMDC/graphene van der Waals (vdW) hetero-
structure nanohybrids can take advantage of graphene’s high
charge carrier mobility1 and broadband, low optical absorption
(∼2.3% for single-layer graphene)2 with TMDCs’ strong light
absorption tunable by their band gaps,3,4 providing an excellent
scheme for the design of high-performance optoelectronic
devices. In these TMDC/graphene or more generally semi-
conductor sensitizer/graphene nanohybrids,5−10 light is
absorbed by the semiconductor photosensitizer (such as
TMDCs), generating excitons or electron−hole pairs in the
sensitizer. The built-in electric field at the sensitizer/graphene
interface assists both exciton dissociation to free charge carriers
and charge transfer from the sensitizer to graphene. The high
mobility of the charge carriers in graphene leads to a very short
transit time, τtransit, of the transferred carriers (one type
depending on the built-in field at the sensitizer/graphene
interface) between the two electrodes on graphene, while the
other type of charge carriers remain trapped in the sensitizer

during the exciton lifetime (τlifetime). The exciton lifetime
regards the time scale the electron−hole recombination occurs.
The holes would be trapped in the WS2-NDs after the
electrons transfer to graphene within the exciton lifetime
before the electron−hole recombination. It should be pointed
out that graphene may not be a good choice as active optical
materials since it does not have a band gap. However, graphene
can provide an excellent transport pathway for photoexcited
carriers due to its high mobility. Therefore, a nanohybrid
structure of the graphene and semiconductor material
combines the advantage of the semiconductor sensitizer to
absorb the incident light and graphene acts as an efficient
channel to transport the photoexcited carriers. Since photo-
conductive gain (G) in the sensitizer/graphene nanohybrids is
proportional to the ratio of the τlifetime to the τtransit, G up to
108−1010 in the semiconductor quantum dot/graphene
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nanohybrid photodetectors through a combination of the
strong quantum confinement in the quantum dots (QDs) and
high carrier mobility in graphene has been achieved.4−10

Consequently, a significant improvement in photoresponse has
been reported in the QD/graphene and TMDC/graphene
nanohybrids.6,7,11 Konstantatos et al. reported the first PbS
QD/graphene nanohybrid photodetector.5 A high gain of ∼108
and a photoresponsivity of ∼107 A/W in the visible spectrum
were demonstrated. Comparable photoconductive gains and
high photoresponsivity have also been reported in other
nanohybrids.6,8,9 For example, a ZnO QD/graphene nano-
hybrid photodetector was reported to exhibit a high ultraviolet
photoresponsivity of >108 A/W due to the high gain exceeding
109.6,8 On the MoS2 (few-layer)/transfer-free graphene
nanohybrid photodetectors, a high responsivity of 835 mA/
W was reported in the visible spectrum.11 Kuiri et al. reported
a responsivity of 20 mA/W on an infrared photodetector based
on MoTe2/graphene heterostructures nanohybrids.7 A clean
interface is required between the semiconductor sensitizer and
graphene for charge transfer and to establish a native electric
field due to the electronic band edge alignment across the
interface. Defects and impurities at the interface, which can
occur especially at the vdW interface formed through
mechanical stacking of the semiconductor sensitizer/graphene
heterostructures, can significantly degrade the photodetector
performance resulting in low and slow photoresponse. Indeed,
transfer-free or postannealed TMDC/graphene vdW hetero-
structure nanohybrids have exhibited fast and high photo-
response due to the significant reduction of interfacial
defects.10−12

One of the fundamental issues limiting further enhancement
of the performance of the TMDC/graphene and QDs/
graphene nanohybrid photodetectors is the limited light
absorption due to the small thickness of the sensitizer (sub-
nm for the monolayer TMDCs, few nm in the few-layer
TMDCs or single-layer QDs). To address this issue, various
approaches have been explored. One promising approach is
implementation of plasmonic metallic nanostructures for light
trapping in the vicinity of the metal surface13−16 to enhance
light absorption in the semiconductor sensitizer in close
proximity. For example, the photoresponsivity of graphene was
enhanced by about 400% by transferring the prefabricated Au
nanoparticles (AuNPs) on graphene.16 In addition, J. Miao et
al. demonstrated a 3-fold enhancement of the photoresponse
after AuNPs were deposited onto few-layer MoS2 photo-
transistors.15 A similar light-trapping benefit on the sensitivity
of Raman spectroscopy was also reported through surface-
enhanced Raman spectroscopy (SERS) via implementation of
the plasmonic metal nanostructures on graphene,17,18 MoS2,

19

and MoS2/graphene heterostructures.20 Another approach is
to generate localized surface plasmonic resonance (LSPR)
effects directly in the nanostructured semiconductor sensitizers
via carrier doping21 thereby enhancing their light absorption.
For example, in Fe1−xS2 QD/graphene nanohybrid photo-
detectors, a strong LSPR effect was induced in the Fe1−xS2
QDs via carrier doping, resulting in significantly enhanced light
absorption in plasmonic Fe1−xS2 QDs and thereby enhancing
responsivity in the Fe1−xS2 QDs/graphene photodetec-
tors.22−24 Similarly, LSPR can be induced in the TMDC
nanodisks (NDs) in the TMDC-NDs/graphene nanohybrids.
Interestingly, SERS sensitivity considerably higher than that of
the AuNP/graphene SERS substrates was achieved on TMDC-
NDs/graphene.25 In the TMDC-ND/graphene nanohybrid

photodetectors, a seven-fold enhancement in the photo-
responsivity was achieved with respect to the counterpart
with a TMDC continuous layer sensitizer.10 These results
illustrate that coupling plasmons and excitons can provide an
effective scheme to enhance the light absorption of the thin
sensitizers in the sensitizer/graphene nanohybrids using either
metallic plasmonic nanostructures or LSPR in the semi-
conductor nanostructure sensitizers. A question arises as to
whether these two approaches could be combined to yield
further enhanced light absorption and device performance of
the TMDC/graphene nanohybrid photodetectors.
In this work, we explore integration of the two approaches.

Specifically, a graphene/WS2-ND heterostructure was trans-
ferred on a AgNP-metafilm consisting of a layer of AgNPs
embedded in a 20 nm thick SiO2 overlayer,

26 aiming to further
enhance the optical absorption and hence the photoresponse
of the graphene/WS2-ND/AgNP-metafilm photodetector. A
key step is the development of a new process to obtain the
transferrable graphene/WS2-ND heterostructures, which has
resolved the issue of the AgNP-metafilm degradation during
the WS2-ND growth through exposure to sulfur vapor at
elevated temperatures. The obtained transferrable graphene/
WS2-NDs heterostructures are intact with comparable
optoelectronic performance to their counterpart obtained
through layer-by-layer growth of WS2-NDs on graphene
using chemical vapor deposition (CVD). This process was
further developed to transfer the graphene/WS2-NDs on a
variety of substrates including SiO2/Si with prefabricated Au
electrodes and the AgNP-metafilm located in the channel
between the electrodes. In the obtained graphene/WS2-ND/
AgNP-metafilm nanohybrid photodetectors, the strong plas-
mon−exciton coupling is illustrated through broadband
enhancement of light absorption and photoresponsivity in
the spectral range of 400−700 nm, with a maximum 5-fold
enhancement in the photoresponsivity at the LSPR frequency
(∼442 nm) of the AgNP-metafilm compared with reference
devices of the graphene/WS2-NDs without the AgNP-
metafilm. In the following, we report our results.

2. EXPERIMENTAL AND SIMULATION
2.1. CVD Graphene Synthesis. The synthesis of graphene was

carried out in a quartz tube reactor (25 mm inner diameter) inside a
CVD system. The details of the CVD graphene synthesis process have
been reported previously.27,28 Briefly, a 25 μm thick Cu foil strip was
inserted into the center of the quartz tubular reactor. H2 gas (40
sccm) was introduced into the CVD system while increasing the
sample temperature to 1050 °C for graphene growth. After 1 h of
annealing of the Cu foil at 1050 °C, H2 was reduced to 7 sccm and
CH4 (40 sccm) was introduced to initiate the graphene growth for 30
min. After the graphene growth was completed, the CVD heater for
the sample was turned off and the sample was naturally cooled to
room temperature under the protection of the flowing H2.

2.3. WS2-ND Growth. WS2-NDs were grown on SiO2/Si
substrates. A (NH4)2WS4 precursor solution with a concentration of
0.1 wt % was prepared by dissolving (10 mg) ammonium
tetrathiotungstate ((NH4)2WS4) powder in 10 mL of N,N
dimethylformamide (DMF) and was sonicated for 30 min at room
temperature. A precleaned SiO2/Si substrate with a 500 nm SiO2
thickness was immersed into the (NH4)2WS4 precursor solution. The
dip-coated SiO2/Si substrate was then placed on a spin coater and
spun at 3000 rpm for 60 s to obtain a uniform, ultrathin layer of the
(NH4)2WS4 precursor over the entire substrate. Afterward, the sample
was placed in a quartz tube CVD furnace and heated to 450 °C under
the flowing carrier gas of mixed Ar (40 sccm) and H2 (10 sccm) for 1
h. The sulfur powder positioned upstream was used to generate a
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sulfur vapor that was carried to the sample by the carrier gas for
reaction to form the WS2-NDs. The pressure was maintained at ∼50
mTorr during the WS2-ND growth. After the growth, the WS2-ND/
SiO2/Si sample was cooled down naturally to room temperature by
turning off the power of the CVD system.
2.4. Fabrication of Transferrable Graphene/WS2-NDs. To

fabricate graphene/WS2-ND samples that can be transferred on to
other surfaces such as the AgNP-metafilms, a new process was
developed in this work that takes two major steps. In the first step, a
thoroughly cleaned CVD graphene with the supporting poly(methyl
methacrylate) (PMMA) layer after removal of the Cu foil28,29 was
placed on top of a WS2-NDs/SiO2/Si sample with graphene in
contact with the WS2-NDs. The entire sample assembly was then
heated on a hot plate at 80 °C for 1 h to enhance the adhesion of
graphene to the WS2-NDs. In the second step, the entire sample
assembly was soaked in diluted (45−48%) hydrofluoric acid (HF) in
DI water for 5 min at room temperature to etch the SiO2 (500 nm in
thickness) on the SiO2/Si substrates. The PMMA/graphene/WS2-
NDs released from the SiO2/Si substrates were cleaned thoroughly
with DI water and were ready for transfer. This sample is different
from the WS2-ND/graphene photodetector with the WS2-NDs being
directly grown on the graphene/SiO2/Si without transfer since the
latter would have a cleaner interface with minimal residues left in the
wet transfer progress.10

2.5. AgNP-Metafilm and Au/Ti Electrode Fabrication. The
source and drain electrodes of Au/Ti (40/10 nm) for the
photodetectors were deposited on the SiO2/Si substrates using
electron-beam evaporation through a metal shadow mask. The
separation between the two electrodes (or the channel length) is
about 250 μm. The AgNP-metafilm was in situ fabricated using
electron-beam evaporation of Ag of a nominal thickness of 8 nm at an
elevated temperature of ∼300 °C under high vacuum (∼10−6 Torr or
better) for 30 min to obtain AgNPs through in situ self-
organization26,30 followed with an in situ evaporation of a SiO2
layer with a thickness of 20 nm to form the AgNP-metafilm. To
prevent formation of electrical shorts between the AgNPs and the Au/
Ti electrodes, the AgNP-metafilm was deposited within the channel
area with a 200 μm spacing to the Au/Ti source and drain electrodes
using a shadow mask.
2.6. Graphene/WS2-ND/AgNP-Metafilm Photodetector Fab-

rication and Characterization. The graphene/WS2-NDs were
placed face-down (with the WS2-NDs toward the AgNP-metafilm) on

the SiO2/Si substrates with prefabricated Au electrodes and AgNP-
metafilm. PMMA was then removed using acetone to complete the
fabrication of the graphene/WS2-NDs/AgNP-metafilm photodetec-
tors. This robust method, especially the process for fabrication of the
transferrable graphene/WS2-NDs, is unique and advantageous in
terms of preventing degradation of the LSPR effect of the AgNPs due
to the exposure to sulfur vapor used for WS2-ND growth. In fact,
significant degradation of the LSPR effect of the AgNPs (without the
SiO2 overlayer) and AgNP-metafilms (with the 20 nm thick SiO2
overlayer) has been confirmed in our experiment as we shall discuss in
detail later. In this study, we have found that a 20 nm thick SiO2 layer
can effectively and uniformly block the electrical current leakage
between the graphene/WS2-NDs and the AgNP-metafilm. Based on
the FDTD simulation, the evanescent field in the AgNP-metafilm
could extend tens of nm to reach the graphene/WS2-ND layer even
with the addition of the SiO2 coating. It should be pointed out that
replacing the evaporated SiO2 layer (typically defective) with a less
defective dielectric may allow an even smaller distance between the
AgNP-metafilm and graphene/WS2-ND photodetector and hence
stronger coupling between the plasmons and excitons from the
AgNPs and WS2-NDs, respectively. Optical images of the samples
were taken using a Nikon Eclipse LV 150 optical microscope with a
CCD camera. Raman spectra and Raman maps of graphene and WS2-
NDs were collected using a Witec Alpha300 Confocal Raman
microscope. Atomic force microscope (AFM, Witec Alpha300) was
used to analyze the vertical and lateral dimensions of the WS2-NDs.
AFM images of the SiO2/AgNP films were collected in contact mode
at a scan rate of approximately 1.0 Hz using a Multimode AFM with a
Nanoscope IIIA controller from Digital Instruments. Standard silicon
nitride probe tips (Bruker, NP-S, k ∼ 0.06 N/m) were used for
imaging. All images were collected with the same probe tip. Three
different representative regions between the two electrodes were
imaged at scan sizes of 10 × 10, 2.0 × 2.0, and 1.0 × 1.0 μm2. Average
surface roughness (Ra) was measured using the Nanoscope software
in the AFM for each of the scans. In addition, the images were
collected for a sample without the SiO2 coating over the Ag
nanoparticles. Scanning electron microscopy (SEM) images were
taken using a JEOL JSM-6380 scanning electron microscope to
characterize the morphology of the AgNP-metafilm including the
shape and size of the AgNPs. The current−voltage (I−V) character-
istics of the photodetectors were measured using a CHI660D
electrochemical workstation. An Oriel Apex monochromatic illumi-

Figure 1. Schematic illustration of the graphene/WS
2
-ND/AgNP-metafilm heterostructure device fabrication process: (a) stacking PMMA/

graphene on pregrown WS
2
-NDs on the SiO

2
/Si substrate; (b) etching SiO

2
using diluted HF acid; (c) lift off the PMMA/graphene/WS

2
-NDs; (d)

transferring the PMMA/graphene/WS
2
-NDs to SiO

2
/Si with the predeposited AgNP-metafilm between the Au electrodes; and (e) completing the

graphene/WS
2
-ND/AgNP-metafilm heterostructure device after the removal of PMMA. The inset shows a zoom-in view of the device cross section

with a WS
2
-ND on top of the 20 nm thick SiO

2
spacer over a AgNP.
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nator was used to measure the temporal photoresponse at selected
wavelengths. To measure the optical absorption spectra, the
graphene/WS2-ND heterostructures were transferred onto the
transparent fused silica substrates with and without the prefabricated
AgNP-metafilm on the substrates. An ultraviolet/visible spectropho-
tometer (Perkin Elmer, LAMBDA 35) was used to collect the optical
absorption spectra in the visible range for the samples used in this
work.
2.7. Finite Difference Time-Domain (FDTD) Simulation. To

study plasmonic mode profiles of the AgNPs and their impact on the
device performance, the Lumerical Finite Difference Time-Domain
(FDTD) solutions software (2020a Finite Different IDE) was
deployed to calculate the electromagnetic field distribution around a
AgNP in the graphene/WS2-ND/AgNP-metafilm nanohybrid. Specif-
ically, the Device Mutliphysics Simulation Suite of this software was
used by setting up different components to replicate the system of the
graphene/WS2-NDs on the AgNP-metafilm as closely as possible. The
mesh sizes were varied between 1 and 0.5 nm to accommodate
different sizes of the AgNPs. The source configuration was set up such
that light reached the layer representing the graphene/WS2-NDs first
and then the AgNP-metafilm.

3. RESULTS AND DISCUSSION

Figure 1 illustrates schematically the device fabrication process
developed in this work to generate transferrable graphene/
WS2-NDs that can be transferred on the AgNP-metafilm for
the high-performance graphene/WS2-ND/AgNP-metafilm
photodetectors. In Figure 1a, a piece of CVD graphene with
PMMA coated on one side is transferred on top of a WS2-
NDs/SiO2 (500 nm)/Si sample. The entire sample assembly
was then immersed in a diluted hydrofluoric acid (Figure 1b)
during which the PMMA/graphene/WS2-NDs can be released
from the Si substrate after the SiO2 is dissolved (Figure 1c).

This transferrable PMMA/graphene/WS2-ND nanohybrid can
then be transferred on different functional substrates for device
applications. In this work, the PMMA/graphene/WS2-NDs
were transferred on to a SiO2/Si substrate with prefabricated
Au/Ti electrodes and a AgNP-metafilm in the channel
between the electrodes (Figure 1d). After the PMMA removal,
the completed graphene/WS2-NDs/AgNP-metafilm hetero-
structure nanohybrid photodetector is illustrated in Figure 1e.
It should be mentioned that the method developed in this
work for fabrication of the transferrable graphene/WS2-ND
samples is unique and advantageous in terms of preventing
degradation of the LSPR effect of the AgNP-metafilm due to
the exposure to sulfur vapor used for the WS2-ND growth even
with a SiO2 overlayer. Figure S1a compares the optical
absorption spectra of AgNP-metafilm before (solid) and after
(dashed) the exposure to sulfur vapor at 450 °C for 1 h. A
significantly reduced overall absorption, especially the
disappearance of the LSPR peak due to the AgNP-metafilm,
can be clearly seen in the latter, confirming the significant
degradation of the LSPR by the AgNPs even with a 20 nm
SiO2 overlayer. The inset of Figure 1e depicts the zoomed-in
view of the device structure with a WS2-ND placed on the
AgNP-metafilm. Upon light illumination, the photons
absorbed by the WS2-NDs will generate excitons (or
photoexcited electron−hole pairs) that are separated at the
graphene/WS2-ND interface due to the interface built-in
electric field.31 A strong, localized light field around the WS2-
NDs by the LSPR effect of the AgNP-metafilm is illustrated by
the green shading around the AgNP in the inset of Figure 1e.
At a small distance of ∼20 nm between AgNPs and WS2-NDs
defined by the thickness of the SiO2 spacer, the LSPR effect of

Figure 2. (a) Optical and (b) Raman image of WS
2
-NDs. (c) Height profile of WS

2
-NDs. Inset: AFM image of WS

2
-NDs. (d) Raman spectra of

graphene on SiO
2
/Si (black) and graphene on SiO

2
/Si with AgNPs (green). Representative contact mode AFM images of SiO2(20 nm)/AgNPs:

(e) 10 × 10 μm2 area, (f) 1.0 × 1.0 μm2 image of zoomed-in area within (e). (g) SEM image of the AgNPs. (h) UV−vis absorption spectra of
AgNP-metafilm (blue), graphene/WS

2
-NDs (green), and graphene/WS

2
-ND/AgNP-metafilm (purple).
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the plasmonic AgNP-metafilm can lead to a significantly
enhanced electromagnetic field, the so-called evanescent field,
around the WS2-NDs, and hence enhanced light absorption by
the WS2-NDs for improved photoresponsivity as we shall show
in this work. The SiO2 spacer also serves as a dielectric barrier
layer to prevent electrical shorts between the graphene/WS2-
ND photodetector and the AgNP-metafilm. Generally, the
evanescent field decays rapidly with distance from the surface
of metallic plasmonic nanostructures over a range of a few to
hundreds of nanometers depending on the specific nanostruc-
ture and the medium (SiO2 in our case) around the
nanostructure.32,33 Therefore, the LSPR enhancement by the
AgNP-metafilm is indeed affected by the thickness of the SiO2.
The thickness of SiO2 should be thin enough for the enhanced
plasmonic EM wave propagation in z-direction from the
AgNPs to reach WS2-NDs. On the other hand, the thickness of
the SiO2 layer must be thick enough to block the electrical
leakage between the AgNPs and the graphene/WS2-ND
photodetector. In this study, we have found that a 20 nm
thick SiO2 can effectively block the current leakage between
the graphene/WS2-NDs and AgNP-metafilm while still allow
much enhanced plasmonic EM field on the graphene/WS2-
NDs. It should be pointed out that the integrity of the AgNP-
metafilm is the key to its generation of the LSPR evanescent
field. If the AgNP-metafilm is contaminated by the sulfur vapor
exposure during the WS2-ND growth in samples with the WS2-
NDs directly fabricated on the AgNP-metafilms, the LSPR
evanescent field seems negligible since the enhancement in the
photoresponse of such devices is negligible as compared to the
counterpart devices without the AgNP-metafilms (Figure S1b).
Figure 2a shows an optical image of a representative WS2-

ND sample fabricated on a SiO2/Si substrate and the uniform
distribution of the WS2-NDs on the entire sample can be
clearly seen. The Raman spectrum taken on this sample shows
two distinctive peaks at 360.5 and 424.8 cm−1 (Figure S2),
both can be indexed to WS2, corresponding to the in-plane
optical mode (E2g

1) and the out-of-plane vibration mode (A1g)
of the sulfur atoms.34,35 The Raman intensity map of the WS2
E2g

1 mode is displayed in Figure 2b, demonstrating the
morphology and lateral dimensions of the WS2-NDs, with sizes
on the order of a few hundred nm. Figure 2c shows the AFM
height profile measured along the green line in the AFM image
(shown in the inset). Quantitatively, the lateral dimension of
the WS2-NDs is in the range of 200−300 nm that is consistent
with the range revealed in the Raman map in Figure 2b. The
height of the WS2-NDs is in the range of 4−8 nm. Considering
the approximately circular shape, large lateral dimension, and
small vertical dimension of the WS2 nanostructures revealed in
Figure 2b,c, WS2 nanodisks or WS2-NDs are used to regard the
WS2 nanostructures in this work. An additional optical image
of the graphene/WS2-NDs after the graphene was transferred
on the WS2-NDs on the SiO2/Si substrate is shown in Figure
S3a. The inset depicts an optical image of the finished
photodetector of the graphene/WS2-ND/AgNP-metafilm with
two Au electrodes. Figure S3b,c compares the Raman maps of
the WS2-NDs (E2g

1 mode) and graphene (2D mode) on a
graphene/WS2-NDs sample, illustrating the uniform distribu-
tion of the WS2-NDs on graphene. The weaker graphene 2D
mode above the WS2-NDs may be attributed to the interfacial
interaction of graphene with WS2-NDs. The Raman spectra of
graphene on SiO2/Si (black) and on the AgNP-metafilm/
SiO2/Si (green) substrates are illustrated in Figure 2d. In the
former, the two graphene signature peaks at ∼1614.11 and

2719.19 cm−1 are assigned to the G and 2D bands,
respectively. The G peak corresponds to the E2g phonon at
the Brillouin zone center and the 2D peak is the second order
of the D band that corresponds to the A1g breathing
mode.36−38 The absence of the graphene D peak (associated
with defects) confirms the high quality of the CVD graphene
in this work. The Raman spectrum of graphene on the AgNP-
metafilm shows an overall enhancement in the intensity that
can be attributed to the LSPR effect by the plasmonic
nanostructures such as the AgNP-metafilm in this specific case.
Comparing the two spectra shown in Figure 2d, the G and 2D
Raman peaks of graphene with AgNPs are enhanced by 16 and
3 times, respectively. This plasmonic enhancement is
consistent with that reported previously.17,39−42 It should be
noted that the Raman enhancement factors of the graphene
peaks depend on the frequencies of the vibrational modes.43

Therefore, the enhancement factors of the graphene G and 2D
peaks are anticipated to be different.17 In addition, the intense
plasmonic EM field of the AgNPs could cause the lattice
deformation of graphene and consequently enhance the D
peak of graphene at 1387.26 cm−1.44 Both G and 2D peaks of
graphene on the AgNP-metafilm are slightly red-shifted by
∼22 cm−1. This red shift may be attributed to tensile strain
after graphene is transferred on to the AgNP-metafilm.
Representative AFM images of the SiO2 (20 nm)/AgNP-
metafilm sample at 10 and 1.0 μm2 scan sizes are presented in
Figure 2e,f. They show the expected nanoparticles along with a
small number of defects. The topographical images of all
regions of the sample showed consistently sized nanoparticles.
The average roughness for the 10 × 10 μm2 scans for all three
areas was 12 ± 3 nm. A roughness of 11 ± 1 nm was measured
for the 1.0 × 1.0 μm2 scans. The topography and roughness of
the sample without the SiO2 coating were not significantly
different than that for the SiO2 (20 nm)/AgNP-metafilm
sample. An SEM image taken on a representative AgNPs/
SiO2/Si sample is displayed in Figure 2g. The AgNPs exhibit
irregular shapes. The average lateral dimension of the AgNPs is
ranging from 20 to 120 nm with a mean diameter of 68 ± 27
nm and the size distribution is shown in the histogram (Figure
S4). The absorption spectra for the AgNP-metafilm (blue),
graphene/WS2-NDs (green), and graphene/WS2-ND/AgNP-
metafilm (purple) are illustrated in Figure 2h. The maximum
absorbance (the LSPR peak) for the AgNP-metafilm is at the
wavelength of 442 nm, which is consistent with that reported
previously.30 The absorption spectrum of the graphene/WS2-
NDs shows broadband absorption from 400 to 700 nm with a
small hump at ∼640 nm (band gap ∼1.94 eV for WS2), which
is consistent with previous reports.10,45,46 On the absorption
spectrum for the graphene/WS2-ND/AgNP-metafilm sample,
the AgNP’s LSPR peak intensity is reduced and slightly red-
shifted (∼19 nm), which could be ascribed to the damping in
graphene as a semimetal as reported previously.17,30 Interest-
ingly, an enhanced absorption in a broadband of 400−700 nm
can be observed on the graphene/WS2-ND/AgNP-metafilm
sample, which can be attributed to the enhanced absorption by
the WS2-NDs with the assistance of the LSPR evanescent field
enabled by the AgNP-metafilm. The high AgNP density may
cause a red shift for the plasmonic peak due to an interparticle
coupling.47 On the other hand, multiple layers of AgNPs may
not increase the evanescent EM field at the graphene/WS2-ND
photodetectors considering the increased distance between the
lower AgNP layers and the graphene/WS2-ND photodetectors.
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Nevertheless, increasing the layers and density of the AgNPs
may be an interesting topic for future research.
Figure 3a compares the photocurrents measured on the

graphene/WS2-ND photodetectors with (red) and without
(black) the AgNP-metafilm under the illumination of 450 nm
wavelength selected to be near the LSPR frequency of the
AgNP-metafilm. The light intensity was 0.15 mW/cm2 and the
source−drain bias was 0.8 V. Remarkably, the photocurrent is
enhanced by about five times in the graphene/WS2-NDs with
the AgNP-metafilm as compared to its counterpart without the
AgNP-metafilm, which can be ascribed to the LSPR effect of
the AgNP-metafilm. The response times of the photodetector
are defined as rise time (trise) and fall time (tfall), which
correspond to the periods for the photocurrent to increase
from 10 to 90% (or decrease from 90 to 10%) of its maximum
value, respectively.10,48 The trise and tfall are 0.3 and 1.0 s for the
graphene/WS2-ND photodetector with the AgNP-metafilm,
while shorter trise and tfall of 0.1 and 0.2 s were observed on its
counterpart without the AgNP-metafilm. The longer trise ∼ 0.3
s and tfall ∼ 1.0 s together with the asymmetry of the dynamic
response in the graphene/WS2-ND/AgNP-metafilm photo-
detector could be attributed to unfavorable residual contam-
ination at the graphene/WS2-ND interface left during the
graphene transfer on the WS2-NDs and the second transfer of
the graphene/WS2-NDs on the AgNP-metafilm. While further
investigation is necessary, this argument is consistent with the
trend that shorter response times can be obtained on the
similar samples with cleaner interfaces.6,10,12 For example, in
the graphene/WS2-ND vdW heterostructure photodetectors
with the WS2-NDs directly grown on graphene, trise ∼ 10 ms
and tfall ∼ 20 ms were obtained.10 On the graphene/WS2-ND
photodetectors with graphene transferred on WS2-NDs, longer
response times of trise ∼ 100 ms and tfall ∼ 200 ms (black curve
in Figure 3a) are about an order of magnitude larger. Since
AgNPs degrade under the growth condition for WS2-NDs, an
additional transfer of the graphene/WS2-NDs by dissolving the
SiO2 layer on the SiO2/Si substrate was employed in this work
to transfer the graphene/WS2-ND assembly on the AgNP-
metafilm. This additional transfer can certainly introduce more
residues of chemicals to the graphene/WS2-ND nanohybrid
interface, which is most likely responsible for the further
increased response times to trise ∼ 300 ms and tfall ∼ 1000 ms
as well as the asymmetry of the dynamic response due to the
charge trapping at the interface (red curve in Figure 3a). This
result therefore indicates that further research to improve the
graphene/WS2-ND interface is important and could lead to

higher device performance. Figure S5 illustrates dynamic
responses of the photocurrent of the graphene/WS2-ND/
AgNP-metafilm photodetector at three illumination wave-
lengths of 650, 550, and 450 nm. It is noticed that the
amplitude of the photocurrent is the highest at the 450 nm
illumination, which is anticipated from the peak at ∼450 nm in
the spectral photoresponsivity shown in Figure 3b with the
AgNP-metafilm due to the plasmonic light trapping by the
AgNP-metafilm. In addition, the higher photocurrent ampli-
tude at 650 nm, as compared to that at 550 nm, can also be
attributed to the broad plasmonic peak at ∼650 nm in Figure
3b. At these three wavelengths, the trise and tfall are comparable
in the range of 0.3−1 s, respectively.

The photoresponsivity (R) is defined as =R
I

P
ph

in
, where Iph is

the photocurrent (Iph = Ilight − Idark) and Pin is the illumination
power. In Figure 3b, the spectral photoresponsivity of the two
devices is compared in the visible wavelength range from 400
to 750 nm. For the graphene/WS2-ND/AgNP-metafilm
photodetector (red), the overall photoresponsivity in this
spectrum range exhibits an obvious enhancement as compared
to that of the counterpart device without the AgNP-metafilm
(black). The enhanced photoresponsivity in the graphene/
WS2-ND/AgNP-metafilm photodetector can be attributed to
the strong LSPR effect that originates from the AgNP-
metafilm. There are two peaks in the spectral responsivity of
this sample. The higher peak observed in the wavelength range
of ∼400−475 nm around the LSPR wavelength (∼442 nm) of
the AgNP-metafilm can be directly ascribed to the LSPR effect
of the AgNP-metafilm on the absorption enhancement of the
WS2-NDs. This leads to the highest enhancement factor of ∼5
times, as shown in Figure 3b. This enhancement is anticipated
from the LSPR effect of the AgNP-metafilm and confirms that
the LSPR evanescent field generated by the AgNP-metafilm is
indeed coupled effectively to the graphene/WS2-NDs in the
close proximity. In addition, a second peak of the responsivity
at around 650 nm also exhibits a considerable enhancement of
∼2.7 times. This could be attributed to the large lateral size
distribution of the AgNPs to allow the LSPR benefit to be
extended to longer wavelengths (see more details in the FDTD
simulation below) and the higher external quantum efficiency
nearer the band gap of the WS2-NDs. It should be realized that
the band gap Eg for the few-layer WS2 is 1.94 eV, which
typically is observed as a shoulder in the absorption spectrum
in the range of 640−700 nm (see Figure 2h). At longer
wavelengths beyond the band gap cutoff of the WS2-NDs, their

Figure 3. (a) Photocurrent response of the photodetectors with (red) and without (black) the AgNP-metafilm at 450 nm and light intensity of 0.15
mW/cm2 under 0.8 V bias. (b) Photoresponsivity as a function of wavelength for the graphene/WS

2
-ND photodetectors with (red) and without

(black) the AgNP-metafilm. The source−drain bias voltage was 0.8 V for both devices.
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light absorption decreases significantly, which seems consistent
with the significantly reduced response at longer wavelengths
beyond the cutoff at around 640−700 nm. Therefore, our
results have demonstrated that the AgNP-metafilm can
significantly enhance light absorption and hence broadband
photoresponse over wavelengths from 400 to 700 nm through
generation of a strong LSPR evanescent field using the AgNP-
metafilm around the WS2-NDs. Note that the SEM in Figure
2g shows a wide distribution of lateral dimensions (20−120
nm) and shapes of the AgNPs. In the simulation, the AgNPs
were treated as semispheres with diameters in the range of 20−
120 nm or radius in the range of 10−60 nm to illustrate their
broadband LSPR effect.
Figure 4a depicts photoresponsivity as a function of the 450

nm illumination power. The highest photoresponsivities are
11.7 and 3.5 A/W, respectively, at the lowest incident power of
5.5 × 10−8 W for the graphene/WS2-ND/AgNP-metafilm and
graphene/WS2-ND photodetectors. The photoresponsivity of
both devices decreases monotonically with increasing illumi-
nation power, due to the higher quantum efficiencies from
lower e−h pair recombination at lower illumination powers.
However, the graphene/WS2-ND/AgNP-metafilm device
exhibits overall higher responsivity in this illumination power
range than its counterpart without the AgNP-metafilm. This
can be seen clearly from the enhancement factors, defined as
the ratio of the photoresponsivities of the graphene/WS2-ND
photodetectors with and without the AgNP-metafilm (Figure
4b). The spectral photocurrent enhancement factor of the two
devices, which is derived from the ratio between the black and
red curves in Figure 3b, is displayed in Figure 4c.
Quantitatively, the enhancement factor varies between the
maximum value of 5 at around 450 nm near the LSPR peak of
the AgNP-metafilm (442 nm) and the minimum value of 1.6
(525 nm) at the valley between the two peaks in Figure 3b.
The smaller peak of the enhancement factor at around 650 nm
may be explained by the fast fall of light absorption at longer
wavelengths beyond the cutoff of WS2 (on the right side of the

peak) and the increasing quantum efficiency as the incident
illumination wavelength is approaching the cutoff (from the
left side of the peak).
The external quantum efficiency (EQE) and detectivity as a

function of wavelength of the graphene/WS2-ND/AgNP-
metafilm nanohybrid photodetectors are plotted in Figure
4d. The EQE is defined as EQE = (Iph/e)/(Pin/hv), where h is
the Planck constant, ν is the frequency of incident light, and e
is the electron charge. The detectivity (D*) can be defined as

* = =D RA i/A
NEP

1/2
n
21/2 1/2

where A is the active area of the

photodetector, NEP is the noise equivalent power, and in
2 is

the noise current. With the assumption that the noise limiting
the detectivity is dominated by shot noise from the dark
current Idark in the graphene channel, the detectivity can be

expressed as * = ( )D R A
eI2

1/2

dark

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ .49 The maximum EQEs and

D* of 2390% and 4.3 × 1010 Jones are found at the wavelength
of 450 nm. In Figure S6a, the photoresponsivity of the
graphene/WS2-ND/AgNP-metafilm photodetector was meas-
ured under different incident power (5.5 × 10−8, 8.5 × 10−8,
and 1.2 × 10−7 W) and different bias voltages (0.4, 0.6, and 0.8
V) with 450 nm illumination. The measured photoresponsivity
increases monotonically with the bias voltage at all different
illumination powers and decreases with increasing the
illumination power. The spectral photoresponsivities measured
on transferred graphene/WS2-NDs using the method devel-
oped in this work and on an in situ grown WS2-NDs/graphene
(no transfer) as we reported previously10 are compared in
Figure S6b. The two devices have comparable performance,
indicating that the transferred graphene/WS2-ND hetero-
structures were kept intact in the transfer process developed
in this work.
To further study the impact of plasmonic effects, FDTD

simulations were carried out on AgNPs. For simplicity, the
AgNPs were treated as semispheres with diameters in the range

Figure 4. (a) Photoresponsivity of the graphene/WS
2
-ND photodetectors with (red) and without (blue) the AgNP-metafilm at different incident

power of the 450 nm illumination. The source−drain bias was 0.8 V. (b) Photoresponsivity enhancement as a function of incident power. (c)
Photocurrent enhancement as a function of wavelength. (d) Measured external quantum efficiency (EQE) and detectivity D* as a function of the
wavelength under Vsd = 0.8 V.
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of 20−120 nm or radius in the range of 10−60 nm considering
the wide distribution of lateral dimension (20−120 nm) and
shapes of AgNPs revealed in SEM analysis in Figures 2g and
S4. To see how such a feature plays a key role in the
enhancement of photoresponsitivity reported in Figure 3b, we
used FDTD simulation (Lumerical) to study the plasmonic
mode profiles and absorption cross sections of AgNPs with
different lateral sizes. The system considered in this paper is
schematically shown in Figure 5a based on the device structure

shown in Figure 1e. The structure includes a semispherical
AgNP with radius r on a glass substrate. The AgNPs are
considered to be embedded in a silica layer, and on the top,
there is a thin layer with a thickness (D) of 6 nm. This layer
has an effective refractive index of 4.5 and effectively represents
the top WS2-NDs and graphene. It should be realized that the
dimension of the WS2-NDs may correlate to their optical
properties and affect the graphene/WS2-ND photodetector’s
spectral range and responsivity. A future research on such an
effect of the WS2-ND dimension will be interesting to both
understanding the underlying physics and facilitating the
practical applications of the WS2-NDs.
The results of the calculations for the absorption cross

section are shown in Figure 5b. For small r, e.g., r = 10 nm
(solid line), the absorption contains a single peak at about 520
nm. As the size of the AgNP increases, this peak is red-shifted
as another peak is formed at a shorter wavelength. For r = 60
nm (dashed-dotted line), the spectrum includes two peaks
with a main broad peak at 685 nm and another peak at 465
nm. Therefore, the spectrum seen in Figure 2h (graphene/
WS2-ND/AgNP-metafilm) is the result of a weighted average
of the spectra seen in Figure 5b, considering the size

distribution of the AgNPs (Figure 2g). Considering the results
shown in Figure 5b, we believe that the photoresponsivity
presented in Figure 3b is the result of plasmonic enhancement
of optical excitation at two major wavelength ranges.50−53 The
first happens around the band gap of WS2-NDs and can be
involved with the interband excitons. The second occurs at the
upper band edge (or excited states above the band gap) of the
WS2-NDs, close to the overall major plasmonic peak of the
AgNP-metafilm seen in Figure 2h (or that of graphene/WS2-
ND/AgNP-metafilm), i.e., at 450 nm. In this wavelength range,
one expects that the plasmon field enhancement promotes
excitation of the electron/hole pairs.52,53 Considering the wide
ranges of AgNP sizes (20−120 nm) as shown in Figures 2g
and S4, the contributions of the stronger peaks beyond 520 nm
in Figure 5b are most probably suppressed to some extent by
the relatively smaller number of AgNPs with larger sizes.
Despite this, since such peaks are quite broad, their presence
can explain the broad spectrum of graphene/WS2-ND/AgNP-
metafilm in Figure 2h (purple line), particularly the feature on
its longer wavelength side. On the other hand, such a peak can
be associated with the combined contribution of the main
peaks around 520 and the secondary peaks of the larger AgNPs
around 450 nm seen in Figure 6b. This may explain the slope
of the shorter wavelength side of the peak seen in Figure 2h
(purple line). Of course, in terms of the overall wavelength,
there are some discrepancies between the simulation results
and those presented in Figure 2h. A main reason for this is the
fact that we approximated the shapes of the AgNPs as
semispheres.
To see this better, in Figure 6 we show the mode profiles of

the structure for r = 60 and 10 nm. Here, a and b refer to the
profiles for r = 60 nm and at 685 and 465 nm, respectively.
Figure 6c shows the mode profile for r = 10 nm at 520 nm.
Note that in all of these cases we consider the incident beam is
polarized along the x axis (Figure 5a). The results represented
in Figure 6 offer two main observations. The first is the fact
that the upper thin layer (D = 6 nm), which represents the
WS2-NDs and graphene, pulls the plasmonic modes of the
AgNP-metafilm upward. The second observation is the
penetration of the plasmonic field into this layer. The
combination of these two suggests that the AgNP-metafilm
with 60 nm radius can support the plasmonic enhancement of
the optical excitations of the WS2-NDs at 685 nm,50 which
contributes to the photoresponsivity rise at 650 nm. Addition-
ally, the plasmon modes of such AgNPs at 465 nm can also
support formation of the peak of the photoresponsivity seen at
450 nm (Figure 3b). The photoresponsivity peak at 450 nm is
also promoted by the AgNP-metafilm with smaller sizes. In
fact, as shown in Figure 6c, for r = 10 nm, the plasmon mode
penetration into the WS2-NDs is expected to be significant.

Figure 5. (a) Diagram of the structure adopted for FDTD simulations
of the plasmonic response of the AgNP. The AgNP (semisphere) has
the radius of r and embedded in SiO

2
. The thin layer on the top with

thickness of D = 6 nm represents the WS
2
-ND and graphene. (b)

Absorption cross section of the structure shown in (a) for different
radius values of 10, 20, 40, and 60 nm of the AgNP (legends in nm).

Figure 6. FDTD simulated electromagnetic field mode profiles of a AgNP with r = 60 nm (a, b) and 10 nm (c).
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The plasmon coupling between the Ag nanoparticles is
expected to be insignificant. This is because of the fact that
the range of the plasmon field of the nanoparticles in the plane
of the film is far less than the interparticle spacing.

4. CONCLUSIONS
In summary, a graphene/WS2-ND/AgNP-metafilm vdW
heterostructure nanohybrid has been developed in this work
to enable a strong exciton−plasmon coupling. This nanohybrid
integrates a nonmetallic plasmonic WS2-ND/graphene vdW
heterostructure with a metallic plasmonic AgNP-metafilm for
superposition of the plasmonic-enhanced absorption of visible
light. A critical step in this integration is the development of a
process for fabrication of the transferrable graphene/WS2-ND
nanohybrids that can be transferred on to the AgNP-metafilm.
This can prevent degradation of the LSPR effect of the AgNP-
metafilm from the contamination by the sulfur vapor required
for the growth of the WS2-NDs. In the obtained graphene/
WS2-ND/AgNP-metafilm heterostructures, the controlled
spacing of ∼20 nm between graphene/WS2-NDs and the
AgNP-metafilm by the SiO2 overlayer on the AgNPs allows
effective coupling of excitons generated upon light illumination
in the WS2-NDs and the plasmonic evanescent EM field in the
vicinity of the AgNP-metafilm, resulting in a significantly
enhanced photoresponsivity. Under the light illumination of
450 nm of an incident power of 5.5 × 10−8 W, high
photoresponsivity of 11.7 A/W, EQE of 2390%, and detectivity
D* of 4.3 × 1010 Jones have been obtained at a bias voltage of
0.8 V, which represent a significant improvement over that of
the counterpart devices without the plasmonic AgNP-metafilm.
For example, the responsivity of the former is more than five
times of that on the latter, confirming that a significantly
enhanced light absorption can be achieved by integrating the
graphene/WS2-NDs and AgNP-metafilm in the graphene/
WS2-ND/AgNP-metafilm heterostructure nanohybrids. Con-
sidering that both WS2-NDs (or in general TMDC-NDs)/
graphene and AgNP-metafilm can be obtained using chemical
or physical vapor deposition in wafer size as illustrated in this
work, the developed approach is promising for the practical
photodetectors and other optoelectronic applications.
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(Figure S1) (a) UV−vis absorption spectra of the
AgNP-metafilm before (solid line) and after (dashed
line) exposure to the sulfur vapor at 450 °C for 1 h; (b)
photoresponse of the WS

2
-ND/graphene photodetectors

without a AgNP-metafilm (black) and with a AgNP-
metafilm (blue) that was exposed to the sulfur vapor at
450 °C for 1 h before the photoresponse measurement
at 5 V; (Figure S2) Raman spectrum of a representative
graphene/WS2-ND sample after transfer in the low-wave
number range; (Figure S3) (a) Optical image of
graphene transferred on WS2-NDs on the SiO2/Si
substrate and inset: optical image of the photodetector
of the graphene/WS2-ND/AgNP-metafilm with two Au
electrodes, Raman maps of (b) WS2-NDs (E2g

1 mode)
and (c) graphene (2D mode) on the WS2-NDs; (Figure
S4) histogram of the lateral dimension distribution of
the AgNPs grown on the SiO2/Si substrates based on

the SEM image of the sample; (Figure S5) dynamic
photocurrent in response to light on/off with three
incident light wavelengths of 650 nm (red), 550 nm
(green), and 450 nm (blue); (Figure S6) (a) Photo-
responsivity of the graphene/WS2-ND/AgNP-metafilm
nanohybrid photodetectors at different incident light
powers and different bias voltages across the devices.
The wavelength of the incident light was fixed at λ = 450
nm, (b) comparison of the photoresponsivity of the
WS2-ND/graphene photodetectors: before (black) and
after (red) transfer measured under the same condition
at 0.8 V (PDF)
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