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ABSTRACT: This work explores superposition of the localized surface plasmonic resonance (LSPR) effect of Au nanoparticles
(AuNPs) with that on transition metal dichalcogenide (TMD) WS2 nanodomes (WS2−NDs) enabled by enhanced dipole−dipole
interaction at van der Waals (vdW) interfaces in AuNP/WS2−ND/graphene heterostructures for surface-enhanced Raman
spectroscopy (SERS) with high-sensitivity, The confirmation of such a superposition is first demonstrated in the enhanced graphene
Raman signatures, such as the G-peak intensity by approximately 7.8 fold on the AuNP/WS2−ND/graphene over that of reference
graphene sample, in contrast to 4.0- and 5.3-fold, respectively, on AuNP/graphene and on WS2−ND/graphene. Furthermore,
Raman spectra of probe molecules of fluorescent Rhodamine 6G (R6G) were hired to quantify the enhanced SERS on AuNP/WS2−
ND/graphene SERS substrates. At the R6G concentration of 5 × 10−5 M, enhancement factors of ∼2.0 and 2.4 based on the R6G
613 cm−1 peak intensity are detected on the AuNP/WS2−ND/graphene with respect to that on WS2−ND/graphene and AuNP/
graphene, respectively. The benefit of the superposition of the LSPR effects from the WS2−NDs and AuNPs results in high SERS
sensitivity up to 1 × 10−12 M on AuNP/WS2−ND/graphene, which is about an order of magnitude better than what’s on WS2−ND/
graphene, and several orders of magnitude better than that on the AuNP/graphene and metal nanostructure/TMD (continuous
layer) substrates. This result reveals the advantage of superposition of the LSPR effects from different nanostructures through design
of vdW heterostructures. In addition, considering the AuNP/WS2−ND/graphene vdW heterostructures can be fabricated in the
layer-by-layer growth developed in this work, the high-sensitivity SERS substrates are scalable and low cost for marketable devices in
optoelectronics and biosensing.

KEYWORDS: plasmonic Au/WS2−ND/graphene nanostructure, surface-enhanced Raman scattering, biosensing,
van der Waals heterostructure, electromagnetic mechanism effect

1. INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) provides a
powerful approach for detecting chemicals and biomolecules
with high sensitivity allowing the detection even of single-
molecule sensitivity.1−4 SERS relies on an electromagnetic
mechanism (EM) that provides the major participation of the
enhancement (with factors up to 1 × 108) and chemical
mechanism (CM) with the minor participation.5−9 The EM
relies on the evanescent enhancement of the electromagnetic
field generated at or near the metal surface nanostructures

because of the collective oscillation of the electron on the surface

causing by light illumination.10 On metal nanostructures, this
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oscillation leads to localized surface plasmon resonance (LSPR)
that critically improves the EM enhancement factors.11

The CM is induced via charge transfer at the interface
between the SERS substrate and probe molecules or analyte,
which can be efficient when the substrate’s Fermi level positions
in between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of the
analyte. Considering this, two-dimensional (2D) materials,12 for
example, graphene and transition metal dichalcogenides
(TMDs), are particularly interesting for attachment of probe
molecules with suitable electronic structures to induce the CM
effect.13−16 For instance, Ling et al. reported SERS CM
enhancement factors of 2−17 on graphene using multiple
probe molecules including R6G.14 Differing from the semi-
metallic graphene, the TMDs are semiconductors with bandgaps
typically in the visible spectrum, which means their CM
enhancement factors may be sensitively affected by the band
edge alignment at their interface with analyte.17−22 It is well-
known that R6G, as a dye molecule, emits light of 532 nm
determined by the bandgap energy in between its HOMO and
LUMO energy levels.23,24 This means the resonance Raman
spectra of R6G at the 532 nm excitation would provide the best
sensitivity as compared to that at nonresonance Raman
excitations wavelengths.23,24 Lee et al. investigated the resonant
SERS enhancement of R6G (with a resonance wavelength∼532
nm) on 2D materials including graphene, MoS2, and WSe2
flakes.25 The R6G SERS enhancement factors on MoS2 and
WSe2 flakes were found to be about 0.5 and 1.7 times of that on
exfoliated graphene, respectively. Using 532 nm excitation laser,
Anbazhagan et al. also investigated resonant SERS enhancement
of R6G on the lithium-exfoliated MoS2 (Li-MoS2) and
thioglycolic acid-exfoliated MoS2 (T-MoS2).

26 They have
found that the CM enhancement factor on the metallic phase
of Li-MoS2 is up to 3.34 × 103 and 1.7 × 103 for the 611 and
1647 cm−1 R6G bands, respectively. Similarly, the CM
enhancement factors of 1.7 × 103 and 5.6 × 102 for the same
R6G bands were also observed on metallic T-MoS2. These
results suggest that the semimetallic or doped 2D materials are
favorable to achieve high SERS CM enhancement. On the Li-
MoS2 and T-MoS2 substrates, the best resonant SERS sensitivity
of R6G are 1× 10−8 M and 1× 10−7 M, respectively,27 which are
comparable to that obtained on graphene (5× 10−7 M) .28 More
recently, heterostructures of two dimension materials have
arisen as a favorable candidate for higher-sensitivity SERS
substrates via electronic structure tuning at the van der Waals
force (vdW) interfaces. As the CM effect depends on the
interface electronic structures between the substrate and the
analyte, tuning the electronic structure of the substrate is a key to
enhancing the CM effect.12,29−31 Using CuPc as a probe
molecule, Tan et al. investigated the SERS CM enhancement
factors on graphene/WSe2 vdW heterostructures, both
produced via chemical vapor deposition (CVD), graphene,
andWSe2, and observed a higher enhancement factor of 28.6 on
the WSe2/graphene vdW heterostructure substrates, in contrast
to 4.7 on graphene and 9.9 on WSe2 only.

12

The SERS CM enhancement on 2D materials can be
combined with the EM enhancement through implementation
of plasmonic nanostructures on 2D materials.32−35 Goul et al.
and Lu et al. have reported high sensitivity SERS substrate by
integrating graphene with plasmonic Au nanoparticles
(AuNPs)32,36 using in situ metal evaporation at elevated
temperatures for a clean metal/graphene interface and high
SERS performance.37 Xu et al. have reported a reversed structure

by covering an AuNP array with graphene to enhance the
molecular attachment area.38 High SERS sensitivity of R6G
molecules up to 1 × 10−11 M was obtained in both cases hiring
the 532 nm resonant excitation in wavelength. On the other
hand, Chen et al. observed resonant SERS sensitivity of 1 × 10−9

M of R6G on an inverted MoS2/AgNPs SERS substrate by
synthesizing a few sheets of MoS2 on top of AgNPs using
thermal decomposition.39 More recently, Shorie et al.
synthesized AuNP/WS2 nanohybrids using liquid phase
exfoliation of WS2 flakes, followed with in situ deposition of
AuNPs.40 Resonance SERS sensitivity of 1 × 10−8 M for R6G
was obtained on this substrate. Besides single 2D materials,
SERS enhancement of AuNP-decorated 2D (continuous layer)
MoS2/graphene vdW heterostructures has also been explored.41

The sensitivity of R6G up to 5 × 10−8 and 5 × 10−10 M was
obtained on the substrate using excitation of 633 and 532 nm,
respectively.
It should be pointed out that TMD nanostructures can also

provide strong SERS EM enhancement. In a recent work, we
fabricated TMD nanodome/graphene vdW heterostructures
with the TMD nanodomes (TMD−NDs) including WS2−NDs
and MoS2−NDs with a lateral dimension of 200−500 nm and
vertical dimension of 3−5 nm decorated on monolayer CVD
graphene sheet. A strong LSPR effect is enabled, leading to a
remarkable resonant R6G SERS sensitivity of ∼1 × 10−11 M on
the WS2−ND/graphene vdW heterostructures.28 This sensi-
tivity is comparable to the best reported on metal NP/2D
material SERS substrates. In this work, the superposition of the
LSPR effects of AuNPs and TMD-NDs of AuNP/WS2−ND/
graphene vdW heterostructures is further investigated. Remark-
ably, resonant SERS sensitivity of the R6G up to 1× 10−12 M has
been obtained on the AuNP/WS2−ND/graphene, which is one
order of magnitude enhancement over the best reported on the
TMD−ND/graphene and metal NP/graphene (or other 2D
materials) SERS substrates.

2. SIMULATION AND EXPERIMENTAL SECTION
Growth of CVD Graphene. Graphene samples were produced via

a CVD system on polycrystalline copper sheets (Alfa Aesar) in a quartz
pipe inner CVD furnace at 1050 °Cwith a combination ofH2/CH4with
(7 sccm/40 sccm), followed with wet transfer on silicon substrate using
a multistep process that was described previously.42,43 In short,
poly(methyl methacrylate) (PMMA) was spin-coated (3000 rpm) on
graphene film and then the samples were annealed at 120 °C.
Afterward, the Cu/graphene/PMMA samples were immersed (with the
Cu side down) for about 4 h in copper etchant to completely remove
the Cu foil. The suspended graphene/PMMA layer was then moved to
deionized water multiple times to rinse the residual copper etchant. The
graphene/PMMA sheets were moved onto the SiO2 (90 nm)/Si. The
graphene/PMMA films were left to drying over the night. The PMMA
coating was removed via soaking in acetone (approximately five times)
and isopropanol (IPA), then dried with N2 gas gun. The samples were
annealed at 400 °C in a mix of Ar/H2 gas (500 sccm/300 sccm) for 30
min to clean the polymer residues on the graphene samples.

WS2−ND Synthesis on Graphene. The ammonium tetrathio-
tungstate (NH4)2WS4 precursor solution (concentration of 0.1 wt %)
was made by dissolving into (N, N-dimethylformamide, DMF). The
transferred graphene samples were then immersed into the solution,
followed by spin-coating at 3000 rpm for 1 min to obtain an ultrathin
uniform film that can be segregated and formed into nanodomes on top
of graphene with heating.28 The samples were then thermally annealed
at about 450 °C for∼30 min in the quartz tube of a CVD furnace with a
mixed gas of H2 (10 sccm) and Ar (50 sccm). The powder of sulfur was
located inside a quartz tube at the upstream zone of at a distance of∼25
cm from the sample and the sulfur source temperature was
approximately at 200 °C.
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Fabrication of Plasmonic AuNPs on WS2−ND/Graphene.
Plasmonic AuNPs were formed in a high vacuum via heat-assisted self-
assembly during e-beam evaporation of Au of nominal thickness of 10−
12 nm with the evaporation time of ∼90 s (growth rate of 0.11−0.13
nm/s) on the WS2/graphene heterostructure samples at the sample
temperature ∼300 °C using a similar process we have developed for
fabrication plasmonic metal NPs of Au and Ag on graphene and other
2D materials for optimal SERS effects.32,41,44 The reference samples of
AuNP/graphene were fabricated using the same condition.
Characterization of AuNP/WS2−ND/Graphene SERS Sub-

strates. Surface morphology, crystallinity, and microstructure of the
WS2−ND/graphene heterostructures were examined using scanning
electron microscopy (SEM)/energy-dispersive X-ray spectroscopy
(EDS), atomic force microscopy (AFM), and Raman spectroscopy
employing a WiTec alpha 300 confocal Raman system with laser
excitation of 433 nm.
Raman Spectra of R6G on AuNP/WS2−ND/Graphene and

AuNP/Graphene SERS Substrates. For SERS characterization of
R6G probe molecules, a R6G droplet (with diameter of 4−5 mm and
concentration from 5× 10−5 M to 10−12 M) was casted onto the surface
of the substrates and placed on a hot plate for 1 h (at 70 °C) for drying
the solvent. Raman spectroscopy with laser excitation of 532 nm, via a
WiTec alpha 300 confocal Raman system, was used for SERS
characterization. The molecules areal density can be roughly calculated
from the R6G concentration, the volume of the droplets, and the
dimension of the R6G samples on the SERS substrates. For a droplet of
∼4−5 mm in diameter and R6G concentration of 5 × 10−5 M, the R6G
molecules number in the droplet is around 1012 molecules. After the
R6G droplet dried, a circular spot with area of ∼12 mm2 was formed.
The number of molecules per unit area in the spot can be estimated via
dividing the calculated R6G molecules number in the drop by the dried
spot area. Thus, the number of molecules per unit area in the spot∼1×
104 to 1 × 105 molecules/μm2 at dilution of the 5 × 10−5 M and ∼2 ×
10−2 molecules/μm2 at dilution of the 5× 10−12 M.With the laser beam
area, the number of molecules under detection can be estimated. The
submillimeter laser beam spot (approximately tens of micrometers in
dimeter) with a 20× microscope objective was sensibly small letting

multiple scan positions in the center of every droplet during the R6G
Ramanmeasurement. A small integration time of 3 s and a low intensity
(∼1−5 mW) were applied to prevent the possible damage of the R6G
molecules. In order to improve the signal-to-noise ratio, every
individual demonstrated spectrum is an average of multiple spectra
collected at the same spot of the sample. It should be noticed that each
Raman spectra presented in this work are representative based on
average of multiple (typically 6−10) Raman spectra collected at spots
randomly selected on a sample to demonstrate reproducibility and
consistency. The spots were selected not too close to the droplet’s edge
of the sample to avoid the coffee-ring effect. Figures S1a, b illustrates
nine such spectra taken on a sample with 5 × 10−5 M R6G molecules
and the histogram of the 613 cm−1 peak intensity of the nine spectra,
respectively.

Density Function Theory (DFT) and Finite-Difference Time-
Domain (FDTD) Simulation. The DFT45 method was employed to
compute the electronic structure of AuNP/TMD2/graphene 2D vdW
heterostructure as obtained in Vienna ab initio simulation package
(VASP).46 These hybrid systems involve a combination of TMDs sheet
of MoS2 (WS2) and one to multilayers of Au (111) with varied
thicknesses as detailed in our previous publication.41 It is important to
note that a thicker Au layer (2 monolayers or 2L, and multilayers) was
found to lead to reduction of the interatomic distance because of
enhanced dipole−dipole interaction and electron delocalization of
TMD-NDs at the Au/TMD interface, which promote the plasmonic
EM effect.41 For the FDTD simulation, the focus was to highlight the
impact of the plasmonic AuNPs on the AuNP/TMD−ND/graphene
heterostructures. Specifically, we numerically studied the interaction of
light with an Au semispherical NP (with a 40 nm diameter) placed on a
layered structure consisting of a SiO2 substrate covered with 5 nm of a
high refractive index (n = 4.4) dielectric material regarding multiple
published works.47−49 The simulation was done using the Lumerical
FDTD solutions software, considering a plane wave reaching the
AuNPs from the top along the z-axis. For the 5 nm dielectric materials,
we usedGe from the library of this software. In terms of refractive index,
for the range of wavelengths considered here, i.e., ∼550 nm, Ge is
similar to WS2. They have, however, different absorption, which can

Figure 1. (a) Schematic design of the AuNP/WS2−ND/graphene vdW heterostructure SERS substrate. (b) Raman spectra of graphene taken on four
samples: graphene only (green), WS2−ND/graphene (black), AuNP/graphene (blue) and AuNP/WS2−ND/graphene (red) using 488 nm laser of
power of 1 mW. (c) Schematic illustration of the atomic layer stack of Au/WS2/graphene hybrid heterostructures with the interface distance between
the AuNPs and WS2 labeled. (d) 3D ELF plot of the stack of Au/WS2/graphene heterostructure shown in Figure 1c.
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influence the extinction spectrum. As the thickness of the dielectric is
very small, we do expect this significantly changes the wavelengths of
the plasmonic modes and their near fields.

3. RESULTS AND DISCUSSION
Figure 1a schematically demonstrates the SERS substrate of
AuNPs/WS2−ND/graphene vdW heterostructure for R6G
detection. The Raman signatures of the R6G probe molecules
attached to the substrate are expected to be enhanced due to
both the EM and CM effects. For quantify the LSPR
enhancement by the integrated plasmonic AuNP/WS2−NDs,
graphene Raman spectra were taken on graphene only, WS2−
ND/graphene, and AuNP/WS2−ND/graphene and the results
are depicted in Figure 1b. On all four samples, the graphene's
defect D-peak at ∼1356 cm−1 has an insignificant intensity,
confirming the high quality of the graphene synthesized using
CVD for this work. The twomain signatures of graphene, i.e., the
G peak at ∼1587 cm−1 due to a primary in-plane displacement
(E2g) mode and the 2D peak at 2695 cm−1 due to a secondary in-
plane displacement of zone-boundary phonons, are clearly
observable in Figure 1b. On the graphene-only sample (green),
the ratio of the graphene peak intensities (2D over G) is around
2.1, which is expected for monolayer graphene. However, the
peak intensities differ quantitatively because of the LSPR effect
at the same Ramanmeasurement condition of 488 nm excitation
of 1 mW power. In fact, the intensities of the graphene peaks
(both G and 2D) are considerably boosted with decoration of
the plasmonic WS2−NDs (black), plasmonic AuNPs (blue),
and AuNP/WS2−NDs (red). On the samples of WS2−ND/
graphene and AuNP/graphene, the enhancement factors of the

graphene G peak and 2D peaks are, respectively, 4.0 and 3.0 and
5.3 and 4.0, which are comparable to that reported previously on
plasmonic metal nanostructures/graphene.32,50,51 On the
AuNP/WS2−ND/graphene substrate, the enhancement factors
of the graphene G and 2D peaks is further increased to about 7.8
and 5.6, respectively, which may be attributed to the
superposition of the LSPR effects of AuNPs and WS2−NDs in
the AuNP/WS2−ND/graphene vdW heterostructures. The
enhancement of the LSPR effect of the AuNP/WS2−NDs is
most probably caused by the increased dipole−dipole
interaction at the AuNP/WS2−ND/graphene vdW interface
as shown in a density function theory simulation (DFT).41

Figure 1c demonstrates the Au/WS2/graphene heterostructures
side view of two atomic layers of Au after process of the
relaxation in DFT simulation. The electronic structure of the
interface between MoS2 (or WS2) 2D layer and 1−6 atomic
layers of Au was reported recently.41 It has been found that
varying the layer number of the Au from monolayer (1L) to a
few layers can lead to a significant reduction of the interatomic
spacing at the Au/MoS2 interface, which consequently results in
charge transfer enhancement in the AuNP/MoS2/graphene
hybrid system. Specifically, the interatomic distance is around
3.03 Å in the case of Au (1L) on top on MoS2, and it reduces
about 20% to around 2.47 Å when the Au layer number is
increased to two layers (2L) or more. On Au (2L)/WS2(1L)/
graphene, the interatomic distance is around 2.41 Å as shown in
Figure 1c. An enhanced charge transfer is therefore anticipated
because of the improvement in the dipole−dipole interaction at
a reduced interatomic distance, resulting in enhanced SERS on
Au (2L) or multilayer on WS2/graphene heterostructures. In

Figure 2. (a) Raman spectrum of WS2−ND/graphene vdW heterostructure and graphene. (b, c) Raman map of graphene (2D mode) and WS2 (E2g
1

mode) on graphene, employing the 488 nm excitation laser. (d) Representative AFM image of the WS2−NDs; (e, f) SEM image of an AuNP/WS2−
ND/graphene sample and EDS maps of W (green), Au (purple) and C (blue). (g) A zoom-in SEM image of the same sample and (h) a particle size
distribution histogram taken on the selected area marked in g.
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addition, 3D plans of the electron localization function (ELF)
were investigated and delocalized electron level was shown to be
limited on a monolayer of Au/MoS2.

41 In contrast, delocalized
electron level increases in the attendance of 2L Au layers or
thicker. Figure 1d demonstrates the 3D plot of the ELF in the
3L-Au/WS2/graphene heterostructures. It can be seen that the
ELF has a normalized scale of 0−1 with greater values (more
red) revealing improvement of the localized electrons in “C-
form” red contour configurations attaching S atoms toW atoms.
The Raman spectra taken on graphene and on the vdW

heterostructure of WS2−ND/graphene is shown in Figure 2a.
Besides the graphene signature peaks at ∼1587 cm−1 (for G
band) and ∼2695 cm−1 (for 2D band) and a minor disorder
produced (D band) at∼1350 cm−1, the Raman peaks associated
with the WS2−NDs created on graphene monolayer can be seen
at ∼342 cm−1 (E2g

1 ) and ∼412 cm−1 (A1g) due to, respectively,
the S and Mo atoms in-plane vibration and the S atoms out-of-
plane vibration.52 Figure 2b, c shows the graphene (2D mode)
Ramanmaps andWS2 (E2g

1 mode) on the sample of WS2−NDs/
graphene using the 488 nm excitation laser in wavelength. The
graphene’s Raman map shows continues distribution with lower
intensity on the location covered by the WS2−NDs. The WS2
(E2g

1 mode) Raman map exhibits an opposite intensity
distribution, demonstrating the formation of the WS2−NDs
with lateral dimension on the order of 300−500 nm. Figure 2d
displays the WS2 nanodomes AFM image, with the lateral
dimension of 300−500 nm and height around 4−6 nm have
been identified for the nanodomes. Figure 2e, f displays the SEM
images and EDSmaps ofW (in green), Au (in purple), and C (in
blue), respectively, of an AuNP/WS2/graphene heterostruc-
tures. TheW, Au, andC elemental mapping analyses confirm the
uniform distribution of the AuNPs and WS2−NDs on top of
graphene with the lateral dimension consistent to that shown in
AFM analysis and Raman map. The zoom-in SEM image of the
same sample shown in Figures 2g and the particle size
distribution histogram (Figures 2h) on the selected area marked
on the SEM image show that the AuNPs are decorated
uniformly throughout the sample including on top of the WS2−
NDs. Most AuNPs have approximately round shapes of lateral
dimension in the range of ∼40−50 nm. Under the nominal Au
thickness of 10−12 nm, the height of the AuNPs is in the range
of 10−15 nm.32

Figure 3 demonstrates the comparison of R6G (with a
concentration of 5 × 10−5 M) Raman spectra on AuNPs/WS2−

ND/graphene heterostructures (red), WS2−ND/graphene
heterostructures (black), AuNP/graphene (blue) and graphene
(green) substrates hiring the same excitation length of 532 nm.
Series peaks of R6G Raman signature can be recognized on all
three spectra including the 613 cm−1 peak assigned to in-plane
vibration mode of C−C−C ring, 769 cm−1 peak assigned to
aromatic bending mode of C−H, and the 1312 and 1502 cm−1

peaks assigned to in plane bend mode of N−H. The peaks at
1361, 1504, 1576, and 1648 cm−1 can be assigned to the
stretching mode of C−C and the 1190 cm−1 peak can be
assigned to the stretching mode of C−O−C, respectively.13,53,54
For R6G on graphene substrate, the spectrum shows visually low
Raman signature intensity as compared to the spectra on the
other three substrates in the same figure. By using the R6G
feature peak at 613 cm−1 on graphene as the reference, the
enhancement factors of 10.3 and 8.7 have been obtained on
WS2−ND/graphene and AuNP/graphene substrates, respec-
tively. Furthermore, the enhancement factor is increased to 21.2
on the AuNP/WS2−ND/graphene heterostructures, indicating
the benefit of superposition of the SERS enhancements by
plasmonic AuNPs and WS2−NDs. Interestingly, the R6G
Raman signatures have comparable intensities on the WS2−
ND/graphene and AuNP/graphene substrates, suggesting the
SERS enhancement factors by the plasmonic AuNPs and WS2−
NDS are comparable. This is not surprising considering both
AuNPs andTMD−NDs (WS2−NDS andWS2−NDS) are strong
plasmonic nanostructures because of the EM effect.28,32,36

However, the R6G Raman signatures are considerably enhanced
on the AuNP/WS2−ND/graphene heterostructures comparing
to that on the WS2−ND/graphene and AuNP/graphene
substrates. For example, the 613 cm−1 R6G peak is a factor of
2.0 and 2.4 stronger on the AuNP/WS2−ND/graphene
substrate than on the WS2−ND/graphene and AuNP/graphene
substrates, respectively. Similarly, the enhancement factors of
the R6G signature at 773 cm−1 are 1.6 and 2.4, respectively. This
observed SERS enhancement illustrates the benefit of the
superposition of the LSPR effects from the WS2−NDs and
AuNPs in the AuNP/WS2−ND/graphene vdW heterostruc-
tures.
For probing the SERS sensitivity on the AuNP/WS2−ND/

graphene vdW heterostructure substrates, R6G molecules
Raman spectra of different concentrations as low as 1 × 10−12

M were collected employing the R6G resonance excitation
length of 532 nm. For a comparison, the same experiment was
repeated on the WS2−ND/graphene and AuNP/graphene
substrates and the results are shown in Figure 4a−c. On the
substrate of AuNP/WS2−ND/graphene vdW heterostructure,
all Raman signatures of R6G are visible at higher R6G
concentrations above 5 × 10−12 M. With further reduction of
the R6G concentration, the R6G visible signature modes are
reduced to a few vibrational modes, such as 613, 773, and 1191
cm−1, with greater polarizability. In fact, the 613 cm−1 peak
remains detectable at the lowest R6G concentration of 1× 10−12

M. For a comparison, the R6G Raman spectra on both WS2−
NDS/graphene and AuNPs/graphene substrates are shown in
Figures 4b, c. The Raman signatures of R6G are visible up to the
lowest R6G concentrations of 5 × 10−11 M on WS2−ND/
graphene and 5 × 10−9 M on AuNP/graphene substrates. This
indicates that the R6G SERS sensitivity is indeed enhanced
through superposition of the LSPR effects of AuNP and WS2−
NDs on the AuNP/WS2/graphene vdW heterostructure
substrates. In addition, the resonant Raman spectra (with 532
nm Raman excitation) of the R6G on AuNP/WS2−NDs were

Figure 3. Raman spectra of R6G molecules at the concentration of 5 ×
10−5 M deposited on AuNP/WS2−ND/graphene (red), WS2−ND/
graphene heterostructure substrates (black) and AuNP/graphene
(blue) with excitation length of 532 nm.
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taken as shown in Figure S2. The lower sensitivity of about 5 ×
10−10 M is about one order of magnitude better than that of 5 ×
10−9M on the AuNP/TMDcontinuous layer substrates,41which
can be attributed to the EM effect enabled in the TMD-NDs.
Overall, the AuNP/WS2−ND/graphene heterostructure sub-
strate shows the best SERS enhancement, which is higher than
that on AuNP/graphene or WS2 only, and to AuNP/WS2,
implying the EM enhancement through superposition of the
SERS from plasmonic AuNPs and WS2−NDs enhanced by the
interfaces in the AuNP/WS2−ND/graphene heterostructures
and the CM enhancement of graphene.28,41 In fact, the higher
SERS sensitivity of the AuNP/WS2/graphene is more than an
order of magnitude improvement over that of the WS2−ND/
graphene and about three orders of magnitude better than that
of AuNPs/graphene.28 To the best of our knowledge, the R6G
sensitivity of 1 × 10−12 M of the AuNP/WS2/graphene is one
order of magnitude better than the best resonance R6G
sensitivity so far reported using the plasmonic metal
nanostructure/graphene substrates,38 and by about one to
four orders of magnitude better than that on the TMDs

(continuous layer)/metal nanostructure SERS sub-
strates.39−41,55 In fact, the further enhanced R6G SERS
sensitivity illustrated in Figure 4 is consistent with the enhanced
graphene signature enhancement shown in Figure 1 on AuNP/
WS2/graphene, which can be attributed to the superposition of
the LSPR effects from AuNPs and WS2−NDs in the AuNP/
WS2−ND/graphene heterostructures.
Figure 5a−d illustrates the R6GRaman peak intensities at 613

and 773 cm−1, respecitively, as a function of the R6G
concentration on AuNPs/WS2−ND/graphene vdW hetero-
structures. Figure 5a, c displays the logarithmic correlation
between the peak intensity of R6G Raman spactra and R6G
concentration using linear scale for the R6G concentration axis
with the fitting equation of y = log x + m, whereas Figure 5b, d
shows the same plots on a logarithmic scale for the R6G
concentration axis. An approximately logarithmic relation can be
observed since the fitting equation of y = log x + m well fits the
SERS intensity vs concentration curves as shown in Figure 5a, c,
which is expected from the superposition of the plasmonic
enhancement of the AuNPs and WS2−NDs. Indeed, this

Figure 4.R6Gmolecules Raman spectra with varied concentrations (a) from 5× 10−5M to 5× 10−8M (1) and from 5× 10−9M to 1× 10−12M (2) on
the AuNP/WS2−ND/graphene with excitation of 532 nm laser; R6Gmolecules Raman spectra with varied concentrations: (b) from 5× 10−5M to 5×
10−11 on theWS2−ND/graphene (the spectrum of the concentration 5× 10−11Mwas multiplied by 3 for better visibility); and (c) from 5× 10−5 M to
5 × 10−9 on the AuNP/graphene substrates (the spectrum of the concentration 5 × 10−9 M was multiplied by 2 for better visibility). All spectra were
taken with 532 nm excitation laser of the same power.
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logarithmic relation between the SERS intensity and concen-
tration is noted in earlier reports of SERS sensitivity using
analyte molecules with various kinds.15,36,56,57 However, the few
higher R6G concentration data points does not look to fit the
trends as well as the lower R6G concentration data points, which
was also observed in our previous report of MoS2 (WS2)−ND/
graphene vdW heterostructures SERS sensitivity using R6G.28

Considering SERS sensitivity is primarily determined by the
EM effect, understanding the mechanism of the superposition of
the evanescent electromagnetic fields by the AuNPs and WS2−
NDs is important. Depending on the shapes and sizes of metallic
NPs and the materials they made of, plasmonic EM enhance-
ment can, in general, increase the effective intensity of the
incident light and shorten radiative decay lifetimes of molecules

Figure 5. (a−d) Relation between the intensities of the Raman peaks and the R6G concentrations at (a, b) 613 and (c, d) 773 cm−1 for the AuNP/
WS2−ND/graphene substrate using 532 nm laser and using (a, c) a linear scale and (b, d) a logarithmic scale.

Figure 6. (a) Diagram of the structure adopted for simulations of plasmonic response of the AuNP. (b) Simulated extinction spectrum of the structure.
The circle and square refer here to the wavelengths of the peak and incident laser used for SERS, respectively. (c, d) Simulated plasmonic modes of the
Au NP at 568 and 532 nm. The scale bars are color-coded presentation of Penh around the NP.
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(Purcell effect). The plasmonic properties of the WS2−NDs
studied in this paper are partially associated with their optical
doping.28 As a result, a primary impact of AuNPs can be
enhancement of excitation rates of such WS2−NDs via
plasmonic effects, i.e., Ieff = PenhI0, wherein Penh refers to the
plasmon field enhancement factor, described as the ratio of the
squares of the field in the presence of AuNPs to that when the
AuNP is absent, and I0 represents the incident light intensity.
Figure 6a illustrates schematically the structure for the finite-

difference time-domain (FDTD) simulation. Specifically, the
structure includes a semispherical AuNP of 40 nm in diameter
on top of a layered structure consisting of a SiO2 substrate
covered with 5 nm thick TMD that is treated as a high refractive
index dielectric material. Figure 6b shows the extinction
spectrum of such a structure. This spectrum suggests that the
AuNPs of the selected dimension supports formation of a sharp
peak at about 568 nm. Interestingly, another peak at about 440
nm is also visible. Figure 6c shows the mode profile of the AuNP
at the wavelength of 568 nm, indicating a significant field
enhancement factor (Penh) inside the 5 nmTMD layer. In fact, in
the upper side of this layer Penh is close to 15 and in the lower side
Penh reduces to about 4. Note that the wavelength of this mode
(568 nm) is close to the maximum peak responsivity of the
photodetectors based on application of WS2−NDs on
graphene.58 This suggests the possibility of coupling of the
plasmon modes of the WS2−NDs with those of the AuNPs,
forming heterogeneous plasmonic dimmers. Such dimmers can
offer more favorable field plasmon modes, particularly inside the
5 nm thick dielectric layer, leading to ultrahigh SERS sensitivities
observed in this paper.59,60

Figure 6d shows that mode profile of the AuNP at 532 nm
wavelength that is the wavelength of the laser used to excite the
samples was 532 nm (Figure 6b, square). While the Penh is
smaller than that at the peak wavelength of the extinction
spectrum, considerable enhancement remain as exhibited in
Figure 6d. Specifically, the field enhancement factor Penh at the
upper edge, middle and lower edge of the 5 nm thick TMD layer
are respectively 10, 3, and 2. This suggests the laser intensity on
the WS2−NDs can be significantly enhanced by the plasmonic
effects of the AuNPs.

4. CONCLUSION
In summary, this work established a novel SERS substrate with
extra high sensitivity-based plasmonic AuNP/WS2−ND/
graphene vdW heterostructures. This substrate integrates two
plasmonic nanostructures of AuNPs and WS2−NDs, and the
DFT and FDTD simulations indicate that the improved dipole−
dipole interaction together with charge transfer at the vdW
interfaces plays a critical role to enable superposition of their
LSPR effects. This has been confirmed experimentally in
observations of enhanced graphene Raman signatures and
enhanced SERS sensitivity of R6G probe molecules on the
AuNP/WS2−ND/graphene vdW heterostructure, comparing to
that on WS2−ND/graphene and AuNP/graphene substrates.
Specifically, the graphene’s G-peak intensity is enhanced by 7.8-
fold by the combination of AuNPs andWS2−NDs, in contrast to
5.3 or 4.0 folds respectively by WS2−NDs or AuNPs alone.
Moreover, the high R6G SERS sensitivity of 1 × 10−12 M
achieved on the AuNP/WS2−ND/graphene substrates is one or
three orders of magnitude enhancement over that of on the
WS2−ND/graphene or AuNP/graphene, respectively. Further-
more, this sensitivity is two to four orders of magnitude better
than that on the TMDs/metal nanostructure SERS substrates

and at least an order of magnitude better than the best SERS
substrates reported in previous works. This result therefore
demonstrates a new pathway in superposition of the LSPR effect
from two different kinds of plasmonic nanostructures via vdW
heterostrcutures. Finally, the developed layer-by-layer synthesis
process of transfer-free CVD growth of WS2−ND/graphene
followed with in vacuo decoration of the AuNPs can be scale-up
for run-to-run synthesis of the AuNP/WS2−ND/graphene vdW
heterostructures SERS substrates for commercialization.
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