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Giant photoluminescence enhancement
in tungsten-diselenide–gold plasmonic hybrid
structures
Zhuo Wang1,2,3, Zhaogang Dong4, Yinghong Gu5, Yung-Huang Chang6, Lei Zhang5, Lain-Jong Li7, Weijie Zhao2,
Goki Eda2,8,9, Wenjing Zhang2,10, Gustavo Grinblat3, Stefan A. Maier3, Joel K.W. Yang4,11, Cheng-Wei Qiu1,5
& Andrew T.S. Wee1,2,9

Impressive properties arise from the atomically thin nature of transition metal dichalcogenide
two-dimensional materials. However, being atomically thin limits their optical absorption or
emission. Hence, enhancing their photoluminescence by plasmonic nanostructures is critical
for integrating these materials in optoelectronic and photonic devices. Typical
photoluminescence enhancement from transition metal dichalcogenides is 100-fold, with
recent enhancement of 1,000-fold achieved by simultaneously enhancing absorption,
emission and directionality of the system. By suspending WSe2 ﬂakes onto sub-20-nm-wide
trenches in gold substrate, we report a giant photoluminescence enhancement of
B20,000-fold. It is attributed to an enhanced absorption of the pump laser due to the lateral
gap plasmons conﬁned in the trenches and the enhanced Purcell factor by the plasmonic
nanostructure. This work demonstrates the feasibility of giant photoluminescence
enhancement in WSe2 with judiciously designed plasmonic nanostructures and paves a way
towards the implementation of plasmon-enhanced transition metal dichalcogenide
photodetectors, sensors and emitters.
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C

rystalline monolayers of transition metal dichalcogenides
(TMDCs) are direct bandgap two-dimensional (2D)
material semiconductors that are promising as lightactive materials for optoelectronic applications1,2. Recently,
TMDCs have shown great potential in ultrafast and
ultrasensitive photodetectors and as ultrathin light absorbers
and emitters3–5. However, their application in photonic devices is
limited by their low absolute photoluminescence (PL) caused by
low quantum efﬁciency and weak absorption6. Fortunately,
signiﬁcant enhancement is afforded by integrating noble metal
nanostructures supporting localized surface plasmons7–13 and
propagating surface plasmon polaritons (SPPs)14,15.
Tungsten diselenide is a promising material in creating
electrically excited light-emitting diodes1 and heterojunctions
with MoS2 (ref. 5). It proves to be a promising emitter
at B750 nm wavelength with a quantum yield that is 2 orders
of magnitude larger than that of MoS2 (refs 16,17). However, PL
enhancements from WSe2-plasmonic hybrid nanostructure have
yet to be investigated. Recently reported enhancements in MoS2
are potentially close to the ultimate limit that can be achieved
from this material9,18. Although it is generally more challenging
to achieve large enhancements from systems with a higher
quantum yield, it is important to explore the ultimate limit in the
PL enhancements that can be achieved in WSe2.
Here we report the surprisingly large PL enhancement factor
(EF) of B20,000-fold from a single crystal monolayer of
WSe2. WSe2-gold plasmonic hybrid nanostructures were created
by suspending the monolayer over sub-20-nm-wide trenches
that support lateral gap plasmons. By systematically tuning the
gap plasmon resonances to the 633-nm pump laser, a close
correlation was observed between the local near-ﬁeld intensity,
the Purcell factor and the measured PL enhancements. This paper
sheds light on the utility of lateral gap plasmons in promoting
excitation at the pump laser wavelength and emission at 750 nm,
providing an effective way to obtain giant PL in TMDCs. Distinct
from previous plasmon-enhanced structures8,9,12,13, our hybrid
plasmon-enhanced design provides full access to the top surface
of WSe2, for example, for layering of other 2D materials, electrical
top contacts, chemical doping or optical waveguiding.
Results
WSe2-plasmonic hybrid nanostructures. A schematic of the
investigated system is shown in Fig. 1a. We transferred
chemical vapour deposition (CVD)-grown WSe2 monolayer
ﬂakes (Supplementary Note 1) onto gold substrates onto which
trenches as narrow as sub-20 nm have been patterned. This
sample enables a direct comparison of PL emission from the same
single crystal WSe2 ﬂake, where regions over unpatterned gold
were taken as the base reference. The gold substrate was prepared
by a recently reported template-stripping method based on
nano-patterned silicon templates (Supplementary Fig. 1 and
Supplementary Note 2)19. These structures have advantages
over other commonly used gold nano-bowties, nano-rods or
nano-discs made by electron-beam lithography (EBL)8,12,13,
where template-stripping produces ultra-smooth surfaces,
critical for reducing damping losses due to the reduction of
plasmon scattering20,21. Moreover, we do template-stripping right
before the transfer process of WSe2 so as to reduce contamination
from adsorbed air-borne molecular species and preserve the
hydrophilic nature of freshly stripped gold22.
The trenches in gold support strong ﬁeld enhancements as
shown in the ﬁnite-difference time-domain (FDTD) simulation
results in Fig. 1b, where a monolayer WSe2 ﬂake is placed over
the trench. The resonances are in the form of lateral gap
plasmons in the sub-20 nm trenches with E-ﬁelds predominantly
2

parallel to the plane of WSe2 to promote strong light
absorption23. This resonance can be tuned to be matched with
the pump laser wavelength by varying the pitch of the structures,
which are critical for plasmon coupling with light to achieve
optimal ﬁeld conﬁnement24,25. Figure 1c presents a scanning
electron micrograph (SEM) image of a triangular WSe2 single
crystal monolayer as transferred onto the gold substrate with a
trench width of B12 nm.
Observation of PL enhancement in WSe2. Here we show that
the lateral gap plasmons are able to enhance the PL emission
signiﬁcantly. A template-stripped gold substrate with a large pitch
(760 nm) and 532-nm pump laser were chosen for this purpose so
that the enhanced PL due to lateral gap plasmons in the trench
could be spatially resolved. Figure 2a,b presents the SEM image
and the corresponding PL mapping across the same WSe2 ﬂake,
so that it enables us to have a self-consistent comparison of
PL enhancement from a single ﬂake, thus avoiding potential
variations in PL emission between different ﬂakes. The PL
experiment was carried out using a 532-nm pump laser with a
power of 30 mW and the intensity value at each pixel of Fig. 2b
was obtained by integrating the PL spectrum across the spectrum
window of 700–820 nm. This PL mapping shows that the
sub-20 nm trenches on gold substrate were able to enhance the PL
emission considerably.
Figure 2c presents a quantitative comparison of PL spectra
from WSe2 on patterned gold nanostructures (that is, Point A),
unpatterned gold ﬁlm (that is, Point B) and on sapphire. In this
particular sample with a pitch of 760 nm, the 9-nm-wide trenches
enhance the PL emission from WSe2 up to 37-fold as compared
with the emission from WSe2 on sapphire. Moreover, PL
emission from WSe2 on unpatterned gold ﬁlm is enhanced by
sevenfold as compared with the emission from WSe2 on sapphire
(Fig. 2d), which might be due to the substrate-induced doping so
as to reduce the non-radiative decay rates of the excitonic
transitions26. In addition, the change in doping level could be
induced from the downshift of Raman peak in WSe2 when
transferred from sapphire onto gold substrate27 (Supplementary
Fig. 2c). The weaker PL enhancement at Point C is due to the tear
defect in the ﬂake that is observable in the SEM image.
PL enhancement mechanism. The physical processes involved in
the PL enhancement are investigated next. The PL intensity
of emitters is determined by its excitation rate (that is, absorption
of the pump laser) and its emission efﬁciency (that is, Purcell
factor). When the plasmon resonance of WSe2-gold
nanostructures matches the wavelength of the pump laser, the
excitation rate of WSe2 will be enhanced28, that is, gexcB|ENF|2
(near-ﬁeld intensity enhancement). In addition, the plasmon
resonance at the emission wavelength enhances the radiative
decay rate and quantum efﬁciency via the Purcell effect29,30.
The largest PL enhancement was achieved at the maximum of
the product between the ﬁeld EF at the excitation wavelength and
the Purcell factor at the emission wavelength. Figure 3a
presents the relative reﬂectance spectra as measured from gold
nanostructures with different pitches, as normalized to the
unpatterned gold ﬁlm (see Methods). The plasmon resonance
at the dips of the spectra red-shifted with increasing pitch. FDTD
simulations were done for each nanostructure pitch, with
nanostructure geometry adjusted to match the SEM images
(Fig. 3c). The simulations show an excellent agreement with the
measured spectra, as seen in Fig. 3a. Moreover, the dependence of
the plasmon resonance on the pitch size is summarized in Fig. 3b,
where the plasmon resonance red-shifts from 507 to 633 nm as
the pitch size is increased from 60 to 200 nm. Resonance
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Figure 1 | Schematic of WSe2-gold plasmonic hybrid structure with strong optical absorption. (a) Schematic of PL emission from a single crystal
monolayer of WSe2 ﬂake on a gold substrate. Part of the triangular ﬂake rests on the patterned region of the substrate consisting of sub-20-nm-wide
trenches. (b) Representative simulation of the electric ﬁeld distribution of the lateral gap plasmons with a WSe2 monolayer ﬂake suspended over a single
trench. The polarization of the incident laser ﬁeld is across the gap. The dashed yellow line denotes the boundary between air and gold. The scale bar,
20 nm. (c) Representative Scanning electron micrograph (SEM) image of WSe2 on square arrays with a trench width of 12 nm (Patterned) and unpatterned
gold ﬁlm (Unpatterned). The scale bars in the main ﬁgure and the inset, 1 mm and 100 nm, respectively.

wavelengths beyond 633 nm were not obtained in our patterned
nanostructures as the resonance wavelength for nanostructures
with pitches 4200 nm exhibited a blue shift due to a shallower
trench depth as caused by imperfections in the fabrication process
(see Supplementary Fig. 3 and Supplementary Note 3). Figure 3c
presents the SEM images of the patterned trenches of
different pitches. Well-deﬁned square structures are observed
in the patterned gold nanostructures for large pitch sizes of 140–
200 nm, while the shape evolves into rounded disks as the pitch
was reduced to 60 nm. This effect is due to the nanofabrication
process, that is, proximity effects in EBL and micro-loading
effects during etching that are more pronounced when the pitch
is reduced.
Both 532-nm and 633-nm pump lasers were used to investigate
the effect of plasmon-enhanced PL emission from monolayer
WSe2. Figure 4a,b presents the corresponding PL spectra as

extracted from the PL mapping. We note that the 633-nm pump
laser gives a higher PL emission as compared with the 532-nm
pump laser. Despite the higher intrinsic absorption at 532 nm as
compared with that at 633 nm in WSe2, excitation at 532 nm
resulted in low ﬁeld enhancements (Supplementary Fig. 4a,b) and
low PL enhancements (Supplementary Fig. 4d), due to inter-band
transitions of electrons in gold at 532 nm (ref. 31). Figure 4c
presents the experimental PL EF (corrected by the trench area
fraction) excited by the 633-nm laser and the product of the
simulated EF of near-ﬁled intensity and Purcell factor (see
Methods) as a function of pitch size. Despite the higher density
of trenches on the smaller pitch structures, on-resonance excitation
with the pitch of 200 nm results in the strongest near-ﬁeld intensity
and Purcell factor enhancements, which were computed 1 nm
above the gold substrate, that is, at the expected z-plane of WSe2.
The s.d. in Fig. 4c was obtained by statistically analysing 10 spectra
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Figure 2 | Characterization results of WSe2-gold plasmonic hybrid structure. (a) SEM image of a crystalline WSe2 monolayer ﬂake transferred onto a
template-stripped substrate with a pitch of 760 nm. ‘A’ points to a portion of WSe2 suspended above an intersection of two underlying trenches, while ‘B’
corresponds to the reference point, that is, WSe2 on unpatterned smooth gold. ‘C’ points to a tear defect in the monolayer. The scale bar, 1 mm. (b) PL
intensity (I) mapping on the WSe2-gold plasmonic hybrid structure showing larger signals from patterned regions and resolvable modulations in intensity.
The intensity value at each pixel was obtained by integrating the PL spectrum across the spectrum window of 700–820 nm. A 532-nm pump laser was
chosen here for a ﬁne PL mapping resolution. (c) PL spectra from WSe2 on patterned gold nanostructures (A), unpatterned gold ﬁlm (B) and the one from
as-grown WSe2 on sapphire. Their PL peak energy (full-width-at-half-maximum) are 1.65 eV (63 meV), 1.63 eV (78 meV) and 1.61 eV (83 meV),
respectively. (d) Zoom-in PL spectrum of WSe2 on sapphire. The laser power is 30 mw and integration time is 0.5 s.

of WSe2 on each patterned gold nanostructure. Variations could be
attributed to the slight trench size and shape variations of the
patterned gold nanostructures, or optical non-uniformity among
different triangular single crystals of WSe2.
As seen in Fig. 4c, the maximum PL enhancement was
achieved at WSe2 on a nanostructure with the pitch of 200 nm.
With the gap plasmon resonance tuned to the 633-nm pump laser
wavelength, the integrated PL intensity from WSe2 on this gold
nanostructure was enhanced up to 1,810-fold (without correction
by the trench area fraction) compared with the reference on
unpatterned gold ﬁlm (see Supplementary Fig. 5a,b). Due to the
small pitch size of 200 nm, the modulation of WSe2 PL intensity
by the array of trenches could no longer be resolved in the PL
mapping (see the inset of Fig. 4c). From Figs 1b and 5b as shown
later on, we assume that the enhancements are still localized to
WSe2 at the trenches, where this assumption will be supported by
the PL mappings as shown in Fig. 5d,f later on. As measurements
here were done with the pump laser polarized along the x-axis,
ﬁelds are conﬁned only within the trenches along the y-axis.
Correcting for the small area occupied by these trenches, we
obtain the maximum effective PL EF of B20,000 in WSe2 over
the trench using the formula9:
Ipatterned A0
oPL EF4 ¼
;
ð1Þ
Iunpatterned Agap
where Ipatterned is the PL intensity from WSe2 on the patterned
gold nanostructure and Iunpatterned is the PL intensity from WSe2
4

on the unpatterned gold ﬁlm. A0 represents the excitation area of
the laser spot size (p  6002 nm2) and Agap represents the area
of the trenches (1.0  105 nm2) perpendicular to the polarization
direction of the laser within the laser spot (see detailed calculation
in Supplementary Fig. 6 and Supplementary Note 4). To the best
of our knowledge, this magnitude of enhancement has not been
previously observed from 2D materials7–15.
Such a giant EF for the measured PL emission is due to the
plasmon-enhanced excitation process and the plasmon-enhanced
emission process. To be more speciﬁc, as shown in
Supplementary Fig. 4b, the plasmonic nanostructure is able to
enhance the excitation intensity by B310-fold, at the pump laser
wavelength of 633 nm, when the pitch size is 200 nm.
Furthermore, as shown in Supplementary Fig. 4c, the Purcell
factor on this 200-nm-pitch nanostructure is able to be enhanced
by B307-fold, as compared with the one on unpatterned gold
ﬁlm. Therefore, the experimental EF of PL emission could
be predicted by the product of these two EFs, which is calculated
to be more than 9  104, as shown in Fig. 4c for the pitch size
of 200 nm. In addition, we would like to mention that it is
unlikely that phase transition of WSe2 is at play here, although
there is direct contact between WSe2 and gold plasmonic
structures. The semiconducting 2H to metallic 1T phase
transition, which has only been observed in high-vacuum and
low-temperature conditions32, has associated Raman and PL
quenching effects33. However, we observed strong PL
enhancement instead of quenching.
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Figure 3 | Optical characteristics of patterned gold nanostructures with different pitch sizes. (a) Relative reﬂectance spectra of patterned gold
nanostructures with pitch sizes of 60–200 nm with respect to the unpatterned gold ﬁlm. The solid and dashed curves present the experimental and
simulated spectra, respectively. Legends denote the pitch size in units of nm for each pattern. The dash dot line indicates the position of the pump laser of
633 nm. (b) Experimental (Exp.) and simulated (Sim.) resonance wavelength of the patterned gold nanostructures as a function of pitch size. (c) SEM
images of the template-stripped gold nanostructures with respective pitch sizes. The inset numbers denote the pitch sizes in the unit of nm. The scale bar
in the SEM images, 100 nm.

Polarization dependence of PL emission. Next, we investigate
the polarization-dependent characteristics of the PL emission
from WSe2 on patterned gold nanostructures. To resolve the
PL-enhanced regions, we chose a 920-nm-pitch substrate and a
532-nm pump laser to do the PL mapping. Here we choose
the 532-nm pump laser to do the PL mapping simply because the
532-nm pump laser has a smaller spot size due to the shorter
wavelength, as compared with the 633-nm pump laser. As a
result, the imaging resolution of the PL mapping as obtained by
the 532-nm pump laser is much clearer to show the enhanced PL
emissions from trench regions. Figure 5a shows an SEM image of
the sample. Figure 5b,c presents the simulated electric ﬁeld
distributions of lateral gap plasmons at the intersection of two
trenches with 0°- and 45°-polarizations for the excitation. The
simulated electric ﬁeld distributions of this nanostructure agree
with the experimental PL mappings in Fig. 5d–f. The maximum
ﬁeld enhancement occurs in trenches perpendicular to the
polarization direction (Fig. 5b) and at the intersection of the
trenches under 45°-polarization (Fig. 5c). A plot of PL intensity
intersecting several trenches indicates a laser beam waist of
B600 nm (see Supplementary Fig. 7). These results provide
further evidence that the highest PL enhancements are from
WSe2 directly above the trenches, where the optical ﬁelds are
localized. It is noted that when the pitch size is larger than the
pump laser wavelength, both lateral gap plasmons at the trenches
and SPP on the ﬂat squares are excited. However, the intensity
of the SPP is only 1/6 of that of the lateral gap plasmon
(see Fig. 5b,c). Thus, the contribution to the PL enhancement of
WSe2 still dominantly stems from the lateral gap plasmons
supported by the trenches. Figure 5g,h presents the PL and

Raman spectra of WSe2 on the intersection and on the square
centre, respectively. Both Raman and PL intensities of WSe2 at
the intersection are found to be larger than the ones at the
square centre. The un-shifted Raman peak of WSe2 over trenches
and square centre suggests that no strain is induced by the trench
and thus it also conﬁrms that the observed PL enhancement was
not induced by strain34.
Discussion
Furthermore, the WSe2-gold plasmonic hybrid nanostructure
allows us to conveniently evaluate a recent claim in the
literature35, which states that suspended 2D materials are
expected to have larger PL than the counterparts on a
substrate, because the substrate depopulates the density of states
in 2D materials through charger transfer. Nevertheless, as shown
in Fig. 5d,f, the gaps parallel to the pump laser polarization do not
exhibit any stronger PL over its surrounding, although WSe2 is
suspended here. Therefore, it suggests that the suspension nature
of WSe2 by the trenches contributes little to the PL enhancement.
It should be noted here that the square geometry chosen has the
advantage of being independent of the incident polarization. In
other words, if the incident polarization is either purely x-polarized
or y-polarized, we will achieve the same PL EF. Therefore, for any
other polarizations in-between, we always could decompose the
incident optical ﬁeld into the respective x-polarized component
and y-polarized component. Since the PL emission intensity is
linear with the excitation intensity, the PL EF remains the same.
Last, we would like to mention that there were no observable
local heating effects in our experiments. In hybrid structure of
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Figure 4 | Photoluminescence of WSe2 on patterned gold nanostructures with different pitch sizes. (a) 532-nm pump laser. (b) 633-nm pump laser.
(c) Experimental PL enhancement factor (EF) (left axis) excited by 633-nm laser (after correcting for the trench area fraction) and the simulated EFNF
(at 633 nm)  EFPF (at 750 nm) (right axis), respectively. The data points and corresponding error bars are obtained, respectively, by calculating the mean
value and s.d. of PL EF based on 10 experimental PL spectra for each nanostructure. The inset shows the PL mapping of a WSe2 monolayer ﬂake
sited on patterned gold nanostructure with a pitch of 200 nm (on the left of the dashed line) and unpatterned gold ﬁlm (on the right of the dashed line).
The intensity value at each pixel was obtained by integrating the PL spectrum across the spectrum window of 700–820 nm. The solid line represent the
shape of the ﬂake and the dashed line represents the boundary between the patterned and unpatterned substrate. The laser power was 30 mW and
integration time was 0.5 s.

MoS2-gold nanoantenna, an increased absorption of the laser
light at the nanoantenna may cause local heating so as to red
shift and broaden the MoS2 PL emission peak. Simultaneously,
the local heating might cause a reduction in PL intensity of MoS2
(ref. 12). In our experiment, the PL peak position and its
full-width-at-half-maximum (FWHM) of WSe2 on both
patterned and unpatterned gold ﬁlm have no power
dependence (Supplementary Fig. 8a–d). Hence, for the range of
laser powers used, the integrated PL and peak intensity increase
linearly with respect to the laser power (Supplementary Fig. 8e,f),
showing no signs of local heating effect.
In summary, concentrating and manipulating the electromagnetic ﬁeld in sub-20 nm trenches can achieve unprecedented PL
enhancement of WSe2. Tuning the resonance of lateral gap
plasmons to match with the pump laser wavelength effectively
boosts the light–matter interactions in WSe2, thus enhancing the
light emission efﬁciency of WSe2. A giant PL EF of B20,000 was
observed in WSe2 when using the 633-nm pump laser. We expect
further PL enhancements to be achieved through the design of
double-resonance structures with directionality control. This
work demonstrates an important method to enhance the PL of
TMDCs since it could enable high-efﬁciency and high-quality
photodetectors and sensors, where photon absorption and
emission dictate the device performance. The incorporation of
gold arrays with sub-20-nm-wide trenches onto WSe2
monolayers opens up a new platform for investigating
novel electrical/optical properties in 2D materials, such as
6

electroluminescence and second harmonic generation, speeding
up the applications of novel optoelectronic devices.
Methods
Material growth and quality of WSe2. The triangular-shape monolayer WSe2
was grown on sapphire by the CVD method (Supplementary Note 1). This
technique yields high-quality monolayer WSe2 with a crystal size of B4.5 mm
(Supplementary Fig. 2a). The typical PL spectrum of a pristine monolayer WSe2
(Supplementary Fig. 2b) shows one pronounced emission peak at 768 nm (1.61 eV),
that is, the A direct excitonic transition36–38. The Raman spectrum excited by
532-nm laser is shown in the inset of Supplementary Fig. 2b, where the two
characteristic peaks for monolayer WSe2 on sapphire are at 248 cm  1 and
259 cm  1, which are from the degenerate E0 =A01 mode and 2LA(M) mode,
respectively39.
Fabrication of gold substrate and transferring of WSe2. The gold substrate
consisting of patterned gold structure and unpatterned gold ﬁlm was prepared
by a template-stripping method (Supplementary Note 2). WSe2 ﬂake was then
transferred onto the gold substrate by a wet transfer approach (Supplementary
Note 1). In comparison with the direct patterning of metallic nanostructures onto
TMDCs by EBL, transferring WSe2 on top of plasmonic nanostructure has several
advantages. First, it allows for direct incident laser irradiation on WSe2, instead of
attenuated transmitted light irradiation on WSe2 through the plasmonic structures13. Second, it avoids the potential undesired damage or doping of WSe2 due to
electron bombardment during electron-beam lithography process40. Last, the ﬁnal
structure will also be suitable for the direct access to the WSe2 ﬂake, for example,
for subsequent patterning or for contact to external leads.
Characterizations. Atomic force microscope (AFM) images were measured by a
BRUKER Dimension FastScan equipment. The optical reﬂectance spectra of the sample
were then measured by using a CRAIC UV-VIS-NIR micro-spectrophotometer model
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Figure 5 | Polarization-dependent characteristics of PL emission from WSe2 ﬂake on gold nanostructures with a pitch size of 920 nm and a pump laser
of 532 nm. (a) SEM image of WSe2 ﬂake on the gold nanostructures. The white dashed circles denote the region where the trenches in the gold ﬁlm intersect
and the dashed square denotes the centre of the square region. (b,c) Simulated electric ﬁeld distribution at a plane 1 nm above the surface of patterned gold
nanostructures with 0°- and 45°-polarizations, respectively. (d–f) Corresponding PL intensity mappings with polarization angles of 0°, 45° and 90°,
respectively. The intensity value at each pixel was obtained by integrating the PL spectrum across the spectrum window of 700–820 nm. The white arrows
show the polarization directions of the pump laser. (g,h) PL and Raman spectra of WSe2 taken at the intersection of gold trenches and square center,
respectively. All the scale bars, 1 mm. The laser power and integration time for measuring PL (Raman) is 30 mW and 0.5 s, respectively (450 mW and 15 s).
QDI 2010 (equipped with a  36 objective lens with numerical aperture (NA) ¼ 0.5).
Moreover, SEM images were measured by FEI Verios 460. A confocal micro-PL set-up
was used to excite the sample by using a 532-nm or 633-nm CW pump laser focused by
a  100 microscope objective lens (NA ¼ 0.65). PL emission was then collected by the
same objective and detected by a nitrogen-cooled charge coupled device. The spot sizes
of the 532-nm and 633-nm pump lasers were B600 nm and 1.2 mm, respectively.
The PL mappings in Figs 2 and 5 were measured by the 532-nm laser as the smaller
laser spot size of this gave a better PL mapping resolution. The background PL signals
of pure gold nanostructures (Supplementary Figs 2e and 5c) were subtracted from all
the PL spectra of WSe2 on patterned gold nanostructures. The PL EF is deﬁned
by equation (1).
Numerical simulations. A commercial software package, Lumerical FDTD
Solutions, was used to simulate the optical ﬁeld distributions and Purcell factors.
Periodic boundary conditions were used along x- and y-axes, while perfectmatched layer was used along z-axis. The ﬁnest mesh size was set to be 0.5 nm in
the structure. The geometries of the metal nanostructures in the simulations were
designed to match with the SEM images (Fig. 3c), with a trench depth of 75 nm.
This ﬁne adjustment in the geometry was done for every pitch, which explains the
discontinuous jumps in the numerical data points (Fig. 3b and Supplementary
Fig. 4). The simulated EF of near-ﬁled intensity is deﬁned as the ratio of the
simulated |E|2 on top of the trench to the simulated |E|2 on the unpatterned
gold ﬁlm at pump laser wavelength. To estimate the emission enhancement, we
ﬁrst calculated the Purcell factors for dipoles located on top of the trenches of
gold nanostructures and for dipoles on top of the unpatterned gold ﬁlm41.
The emission enhancement was then determined by the ratio of these Purcell
factors, which can be obtained directly from the FDTD analysis. Note that the

classical calculations of Purcell factors do take into consideration both radiative
and non-radiative rates for the dipole in the different environments42. Classically,
the non-radiative decay rates are due to Ohmic losses in the metallic structures
adjacent to the dipole.

References
1. Ross, J. S. et al. Electrically tunable excitonic light-emitting diodes based on
monolayer WSe2 pn junctions. Nat. Nanotechnol. 9, 268–272 (2014).
2. Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-layer
MoS2 transistors. Nat. Nanotechnol. 6, 147–150 (2011).
3. Zhang, W. et al. High gain phototransistors based on a CVD MoS2 monolayer.
Adv. Mater. 25, 3456–3461 (2013).
4. Koperski, M. et al. Single photon emitters in exfoliated WSe2 Structures.
Nat. Nanotechnol. 10, 503–506 (2015).
5. Chiu, M. H. et al. Determination of band alignment in the single-layer
MoS2/WSe2 heterojunction. Nat. Commun. 6, 7666 (2015).
6. Tonndorf, P. et al. Photoluminescence emission and Raman response of
monolayer MoS2, MoSe2, and WSe2. Opt. Express 21, 4908–4916 (2013).
7. Lee, K. C. et al. Plasmonic gold nanorods coverage inﬂuence on enhancement
of the photoluminescence of two-dimensional MoS2 monolayer. Sci. Rep. 5,
16374 (2015).
8. Lee, B. et al. Fano resonance and spectrally modiﬁed photoluminescence
enhancement in monolayer MoS2 integrated with plasmonic nanoantenna
array. Nano Lett. 15, 3646–3653 (2015).
9. Akselrod, G. M. et al. Leveraging nanocavity harmonics for control of optical
processes in 2D semiconductors. Nano Lett. 15, 3578–3584 (2015).

NATURE COMMUNICATIONS | 7:11283 | DOI: 10.1038/ncomms11283 | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms11283

10. Zhou, K., Zhu, Y., Yang, X., Zhou, J. & Li, C. Demonstration of
photoluminescence and metal-enhanced ﬂuorescence of exfoliated MoS2.
Phys. Chem. Chem. Phys. 13, 699–702 (2012).
11. Sobhani, A. et al. Enhancing the photocurrent and photoluminescence of single
crystal monolayer MoS2 with resonant plasmonic nanoshells. Appl. Phys. Lett.
104, 031112 (2014).
12. Najmaei, S. et al. Plasmonic pumping of excitonic photoluminescence in hybrid
MoS2-Au nanostructures. ACS Nano 8, 12682–12689 (2014).
13. Butun, S., Tongay, S. & Aydin, K. Enhanced light emission from large-area
monolayer MoS2 using plasmonic nanodiscarrays. Nano Lett. 15, 2700–2704
(2015).
14. Goodfellow, K. M., Beams, R., Chakraborty, C., Novotny, L. & Vamivakas, A.
N. Integrated nanophotonics based on nanowire plasmons and atomically thin
material. Optica 1, 149–152 (2014).
15. Lee, H. S. et al. Efﬁcient exciton-plasmon conversion in Ag nanowire/
monolayer MoS2 hybrids: direct imaging and quantitative estimation of
plasmon coupling and propagation. Adv. Opt. Mater. 3, 943–947 (2015).
16. Mouri, S. et al. Nonlinear photoluminescence in atomically thin layered WSe2
arising from diffusion-assisted exciton-exciton annihilation. Phys. Rev. B 90,
155449 (2014).
17. Wu, S. et al. Monolayer semiconductor nanocavity lasers with ultralow
thresholds. Nature 520, 69–72 (2015).
18. Matin, A. et al. Near-unity photoluminecescence quantum yield in MoS2.
Science 350, 1065–1068 (2015).
19. Dong, Z. et al. Second-harmonic generation from sub-5-nm gaps by directed
self-assembly of nanoparticles onto template-stripped gold substrates. Nano
Lett. 15, 5976–5981 (2015).
20. Nagpal, P., Lindquist, N. C., Oh, S. H. & Norris, D. J. Ultrasmooth patterned
metals for plasmonics and metamaterials. Science 325, 594–597 (2009).
21. Liu, H. et al. Enhanced surface plasmon resonance on a smooth silver ﬁlm with
a seed growth layer. ACS Nano 4, 3139–3146 (2010).
22. Chai, L. & Klein, J. Large area, molecularly smooth (0.2 nm rms) gold ﬁlms for
surface forces and other studies. Langmuir 23, 7777–7783 (2007).
23. Chen, X. et al. Atomic layer lithography of wafer-scale nanogap arrays for
extreme conﬁnement of electromagnetic waves. Nat. Commun. 4, 2361 (2013).
24. Siegfried, T., Ekinci, Y., Martin, O. & Sigg, H. Gap plasmons and near-ﬁeld
enhancement in closely packed sub-10 nm gap resonators. Nano Lett. 13,
5449–5453 (2013).
25. Tan, S. F. et al. Quantum plasmon resonances controlled by molecular tunnel
junctions. Science 343, 1496–1499 (2014).
26. Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, H. F. Atomically thin MoS2: a
new direct-gap semiconductor. Phys. Rev. Lett. 105, 136805 (2010).
27. Mukherjee, B. et al. Raman analysis of gold on WSe2 single crystal ﬁlm. Mater.
Res. Express 2, 065009 (2015).
28. Wientjes, E. et al. Strong antenna-enhanced ﬂuorescence of a single lightharvesting complex shows photon antibunching. Nat. Commun. 5, 017402
(2014).
29. Purcell, E. Spontaneous emission probabilities at radio frequencies. Phys. Rev.
69, 681 (1946).
30. Salehzadeh, O. et al. Optically pumped two-dimensional MoS2 lasers operating
at room-temperature. Nano Lett. 15, 5302–5306 (2015).
31. Hu, H., Duan, H., Yang, J. & Shen, Z. X. Plasmon-modulated
photoluminescence from gold nanostructures and its dependence on plasmon
resonance, excitation energy, and band structure. Opt. Express 23, 5547–5564
(2015).
32. Li, Z. et al. Active Light control of the MoS2 monolayer exciton binding energy.
ACS Nano 9, 10158–10164 (2015).
33. Ma, Y. et al. Reversible semiconducting-to-metallic phase transition in chemical
vapor deposition grown monolayer WSe2 and applications for devices. ACS
Nano 9, 7383–7391 (2015).
34. Desai, S. B. et al. Strain-induced indirect to direct bandgap transition in
multilayer WSe2. Nano Lett. 14, 4592–45978 (2014).
35. Jin, W. et al. Substrate interactions with suspended and supported monolayer
MoS2: angle-resolved photoemission spectroscopy. Phys. Rev. B 91, 121409
(2015).

8

36. Huang, J. K. et al. Large-area synthesis of highly crystalline WSe2 monolayers
and device applications. ACS Nano 8, 923–930 (2013).
37. Zhou, H. et al. Large area growth and electrical properties of p-type WSe2
atomic layers. Nano Lett. 15, 709–713 (2015).
38. Srivastava, A. et al. Valley Zeeman effect in elementary optical excitations of
monolayer WSe2. Nat. Phys. 11, 141–147 (2015).
39. Terrones, H. et al. New ﬁrst order Raman-active modes in few layered
transition metal dichalcogenides. Sci. Rep. 4, 4215 (2014).
40. Siller, G. A., Kurasch, S., Sedighi, M., Lehtinen, O. & Kaiser, U. The pristine
atomic structure of MoS2 monolayer protected from electron radiation damage
by graphene. Appl. Phys. Lett. 103, 203107 (2013).
41. Zhou, W. et al. Lasing action in strongly coupled plasmonic nanocavity arrays.
Nat. Nanotechnol. 8, 506–511 (2013).
42. Anger, P., Bharadwaj, P. & Novotny, L. Enhancement and quenching of
single-molecule ﬂuorescence. Phys. Rev. Lett. 96, 113002 (2006).

Acknowledgements
Z. W. acknowledges scholarship support from NUS Graduate School for Integrative
Sciences & Engineering (NGS). Z. W. and A.T.S.W. acknowledge the funding support
from MOE Tier 1 grant R 144-000-321-112 and facility support from NUS Center for
Advanced 2D Materials. Z.D. and J.K.W.Y. acknowledge the funding support from the
Agency for Science, Technology and Research (A*STAR) Young Investigatorship (grant
number 0926030138), SERC (grant number 092154099), the National Research Foundation (grant number NRF-CRP 8-2011-07), and A*STAR-JCO under project number
1437C00135. C.-W.Q acknowledges the ﬁnancial support from A*STAR Pharos Programme (Grant No. 152 70 00014, with Project No. R-263-000-B91-305). S.A.M.
acknowledges the EPSRC Reactive Plasmonics Programme Grant (EP/M013812/1), the
Royal Society, and the Lee-Lucas Chair in Physics. L.-J.L. acknowledges support from
KAUST (Saudi Arabia) and Taiwan Consortium of Emergent Crystalline Materials
(TCECM). G.E. acknowledges Singapore National Research Foundation, Prime
Minister s Ofﬁce, Singapore, for funding the research under its Medium-sized Centre
program as well as NRF Research Fellowship (NRF-NRFF2011-02).

Author contributions
Z.W., Z.D., J.K.W.Y., A.T.S.W., C.-W.Q. and S.A.M. conceived the experiments; Z.W.
transferred WSe2 on gold substrate and characterized the OM, AFM, SEM, Reﬂectance,
Raman and PL of WSe2, gold substrate and hybrid structure. Z.D. prepared the gold
substrate. Y.G. and C.-W.Q. contributed to the theoretical simulation and modelling,
G.E. and W.J.Zhao. provided the PL/Raman system and guidance, Y.-H.C. and L.-J.L.
grew the WSe2 monolayers samples, S.A.M., G.G., W.J.Zhang and L.Z. provided expertise
in data analysis and interpretation. Z.W. and Z.D. contributed equally to this work.
The paper was drafted by Z.W. with inputs from Z.D., A.T.S.W., J.K.W.Y., C.-W.Q.,
S.A.M., G.G., G.E., W.J.Zhang., W.J.Zhao., Y.G., L.Z. and L.-J.L.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Wang, Z. et al. Giant Photoluminescence Enhancement
in WSe2-Gold Plasmonic Hybrid Structures. Nat. Commun. 7:11283
doi: 10.1038/ncomms11283 (2016).
This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

NATURE COMMUNICATIONS | 7:11283 | DOI: 10.1038/ncomms11283 | www.nature.com/naturecommunications

