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ABSTRACT
In the present work, we report plasmon induced brightening of dark excitons (XD) in Au nanoparticle (Au-NP) coated monolayer (1L)
WSe2. We observed one order enhancement in photoluminescence (PL) intensity and surface enhanced Raman scattering in Au-NP/1LWSe2 at room temperature (RT). Temperature dependent PL measurements showed enhanced PL emission from RT down to 100 K in
contrast to reduced PL emission which is generally observed for pristine 1L-WSe2. We attribute this effect to the out-of-plane electric ﬁeld
induced by the scattering from Au-NPs, which results in the out-of-plane dipole moment and spin-ﬂip of conduction band electrons in AuNP/1L-WSe2, making XD bright. Our approach provides a facile way to harness excitonic properties in low-dimensional semiconductors,
offering simple strategies for quantum optoelectronics.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5093664

Monolayer transition metal dichalcogenides (1L-TMDs), with
chemical formula MX2 (M ¼ Mo, W, and so on; X ¼ S, Se, or Te) are
semiconductors with a direct bandgap situated at the K-point of the
Brillouin zone.1,2 These two-dimensional (2D) systems exhibit tightly
bound electron-hole pairs called excitons even at room temperature
(RT) and therefore have great potential for several photonic applications.3–5 However, their low quantum efﬁciency, weak optical absorption, and low photoluminescence (PL) hinder their practical
utilization. In the recent past, several methods have been demonstrated
to enhance the PL signiﬁcantly by integrating plasmonic nanostructures with 1L-TMDs.6–14 The exciton-plasmon interaction in such
structures has been discussed in terms of strong near-ﬁeld enhancement, resonance overlap, and/or charge transfer between plasmonic
nanostructures and 1L-TMDs. Surprisingly, the PL enhancement is
not unanimous as there are studies reporting both PL enhancement6,8
and PL quenching15 in similar systems. The consequence of this process is still under debate and probably needs more comprehensive
study of metal/1L-TMD hybrid structures considering other intriguing
properties of TMDs.
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Due to the absence of inversion symmetry and the presence of
strong spin–orbit interaction (SOI), 1L-TMDs show energy bands that
exhibit spin splitting with opposite signs in the two valleys16 as shown
in Fig. 1. The magnitude of valence band splitting (DVB) is in the range
of few hundred millielectron volts, giving rise to two excitonic energy
levels labeled as A and B. The conduction band splitting (DCB) is in
the range of tens of meV, and the spin orientation at the two levels is
material dependent.17–19 Depending on the spin conﬁguration of the
electron-hole pair, excitons in 1L-TMD can be either optically bright
or dark.20–22 An exciton is optically bright when it consists of an electron and a hole with opposite spins that exist in the same valley and
optically dark otherwise. In the case of 1L-WX2, the upper valence
band and the lowest conduction band have the same spin in a valley,
hence making the lowest intravalley transition optically dark. For
MoX2, the splitting is opposite to that of WX2, i.e., the lowest intravalley transition is optically bright. Dark excitons (XD) exhibit a much
longer radiative lifetime compared to bright excitons (XO), which
makes them attractive for optically controlled information processing.23–25 However, optical excitation, detection, and control of XD
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FIG. 1. E-k diagram of (a) WX2 and (b) MoX2 at the K valley, showing valence
band splitting (DVB) and conduction band splitting (DCB) with the spin orientation.
XD and XO correspond to the optically dark and bright transitions, respectively.

have remained challenging due to their decoupled nature from
light.22,24 Recently, several approaches to couple XD with light have
been demonstrated by applying either high in-plane magnetic ﬁelds25
or out-of-plane electric ﬁelds via near-ﬁeld coupling to surface plasmon polaritons.24 In addition to this, Park et al. have proposed
another method using tip enhanced PL spectroscopy, where a metal
nanotip couples to the out-of-plane dipole moment of XD, making it
bright.26 These methods are, however, restricted due to the need for
cryogenic temperature (4 K), exceptionally high magnetic ﬁeld
(30 T), and/or system complexity.
In the present work, we study the exciton-plasmon interaction
experimentally by drop-casting Au nanoparticles (Au-NPs) on chemical vapor deposition (CVD) grown 1L-WSe2. Temperature dependent
PL measurements of these structures showed a gradual increase in PL
intensity at reduced temperatures, in contrast to the reduced PL emission observed for pristine 1L-WSe2.27 We attribute this reversed temperature trend of PL intensity in Au-NP/1L-WSe2 to the brightening
of dark excitons. Furthermore, electromagnetic simulations of Au-NP/
1L-WSe2 were carried out to understand this effect. It was observed
that some of the scattered components of incident light can give rise to
the out-of-plane electric ﬁeld, which, on the surface of a material with
strong SOI, can couple to XD, thereby making them bright. This
method provides a facile way to optically probe XD and manipulate
excitonic properties of atomically thin materials, thus opening up new
avenues for realizing active metasurfaces and robust quantum optoelectronic systems.
The 1L-WSe2 ﬂakes were grown on the sapphire substrate using
low pressure CVD as mentioned in our earlier report.28 Colloidal solution of Au-NPs with a mean diameter of 45 nm and the extinction
peak at 2.3 eV was prepared using the standard citrate reduction
method29 (shown in Fig. S1, supplementary material). Spherical
Au-NPs of this size (50 nm) were selected in order to have a
polarization independent response and a sufﬁciently high extinction
cross-section with a narrow resonance spectrum away from 1L-WSe2
transition. The synthesized Au-NP solution was drop-cast on asgrown 1L-WSe2 and dried at 330 K on a hot plate. The atomic force
microscopy measurements using a Park Systems NX10 were carried
out to determine the ﬂake thickness and Au-NP distribution on 1LWSe2 as shown in Fig. S2. PL and the Raman spectroscopy measurements were performed using a HORIBA LabRAM in a confocal
microscopy backscattering geometry. Continuous wave (CW) lasers of
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energies 1.96 eV and 2.54 eV and optical power 700 lW were used
as excitation sources. The spot size of these laser beams was 1 lm.
For RT measurements, a 100 objective was used, whereas a 50
long working distance objective was used for low temperature measurements down to 100 K.
Figure 2(a) shows the RT-PL spectra of 1L-WSe2 without and
with Au-NPs recorded using an excitation energy of 1.96 eV (Eex),
which is much below the localized surface plasmon resonance (LSPR)
energy of Au-NPs (2.3 eV). This Eex was selected to avoid any hotcarrier effect or charge transfer between WSe2 and Au-NPs and to
ensure only the near-ﬁeld enhancement. The PL peak for pristine
1L-WSe2/sapphire was observed at 1.6 eV, which is slightly less than
that of 1L-WSe2/SiO2.30 The PL intensity of Au-NP/1L-WSe2 was
enhanced by an order of magnitude and was blue shifted by 20 meV
as compared to pristine 1L-WSe2. Since both the excitation and emission energies are far from LSPR, both are expected to be enhanced
equally, resulting in overall PL intensity enhancement. The slight blue
shift in the peak may be attributed to the change in dipole coupling
strength in the vicinity of the enhanced electric ﬁeld. Figure 2(b) shows
the RT Raman spectra of 1L-WSe2 without and with Au-NPs using
Eex ¼ 1.96 eV. Because of the quasi-resonant condition, modes other
than the dominant ones were also observed. The Raman spectrum of
Au-NP/1L-WSe2 showed surface enhanced Raman scattering (SERS)
due to the near ﬁeld enhancement. Since there is no alteration in the
dominant modes of 1L-WSe2 [shown in Fig. 2(b)], Au-NPs are
expected to be adsorbed physically, indicating no bond formation
between 1L-WSe2 and Au-NPs. The peak at 250 cm1 can be attributed to degenerate E0 and A01 modes and at 260 cm1 to the second

FIG. 2. Room temperature (a) and (c) PL and (b) and (d) Raman spectra of
1L-WSe2 without (blue) and with (red) Au-NPs using 1.96 eV (a) and (b) and
2.54 eV (c) and (d) excitation. For clarity, PL spectra of WSe2 without Au-NPs are
multiplied by a factor of 10. The dominant characteristic Raman modes of 1L-WSe2
[E0 þ A01 and 2LA(M)] and the Raman mode of Sapphire are marked with vertical
dashed lines. The new emergent peaks are indicated by arrows and marked as
 at 180 cm1 and at 221 cm1 in (b) and 䉱 at 308 cm1 magnified by a
factor of 10 in (d).

•
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order 2LA(M) mode. Other peaks present at 131 cm1, 139 cm1,
157 cm1, 239 cm1, 375 cm1, and 397 cm1 correspond to the
higher order and combination modes.31,32 It can be observed that the
intensity of the sapphire peak at 418 cm1 remained unaltered as the
maximum ﬁeld enhancement is on the surface of 1L-WSe2. In the
Raman spectrum of Au-NP/1L-WSe2, two new peaks marked as  at
180 cm1 and • at 221 cm1 in Fig. 2(b) were observed, which were
inactive in pristine 1L-WSe2. The peak at 221 cm1 corresponds to the
combination of LA(M), TA(M), and ZA(M) modes, while the peak at
180 cm1 can be attributed to the E00 mode, which is expected at
170 cm1 theoretically.33,34 Interestingly, the E00 mode is forbidden in
backscattering experimental geometry,33 where the light propagation
direction is along the c-axis of 1L-WSe2. It can be expected that due to
the enhanced photon scattering by Au-NPs, the E00 mode became active.
The RT PL and Raman spectra of 1L-WSe2 without and with AuNPs were also recorded using Eex ¼ 2.54 eV as shown in Figs. 2(c) and
2(d). Since Eex is higher than LSPR of Au-NPs, it can facilitate charge
transfer between WSe2 and Au-NPs. Also, due to the large overlap
between Eex and LSPR, it is expected that the ﬁeld enhancement of excitation intensity should be more than the emission intensity. However,
it was observed that the enhancement in the PL intensity was nearly
the same as that with Eex ¼ 1.96 eV with a small blue shift (30 meV).
This blue shift may be due to the charge transfer from Au-NPs to
1L-WSe2, as WSe2 is intrinsically p-type in nature.35,36 The Raman
spectrum of Au-NP/1L-WSe2 showed the emergence of a weak peak at
308 cm1 marked as 䉱, which may be due to the strong phononic
coupling between Au-NPs and 1L-WSe2.37 For comparison, similar
studies were carried out on CVD grown 1L-MoS2/SiO2 as shown in
Fig. S3. The RT-PL intensity was found to be almost double as compared to pristine MoS2 for both 1.96 eV and 2.54 eV excitation.
In order to further explore the effect of Au-NPs on the excitonic
properties of 1L-WSe2, temperature dependent PL measurements
were carried out. Figure 3(a) shows the temperature dependent PL
spectra of as-grown pristine 1L-WSe2 in the range of RT to 100 K
using Eex ¼ 1.96 eV. It was observed that there is a gradual reduction
in the PL intensity with the reduction in temperature. This decrease
in the PL intensity was due to the fact that the lowest transition in
1L-WSe2 is optically dark.27 As discussed above, the lowest energy A
exciton in the case of 1L-WSe2 can be either a spin-forbidden intravalley exciton or a momentum-forbidden intervalley exciton. At RT, due
to sufﬁcient thermal energy, there exists some population in the upper

conduction band of 1L-WSe2, resulting in an optically bright A exciton
which dominates the RT PL. As the temperature decreases, the exciton
population at the upper conduction band decreases and the lowest
state increases, resulting in PL quenching. The blue shift in the PL
with the reduction in temperature was also observed, which can be
attributed to the reduction in the phonon scattering. For comparison,
temperature dependent PL was also carried out for CVD grown
1L-MoS2, where PL intensity was observed to increase with the reduction in temperature because the lowest state is optically bright.1,20
Therefore, the temperature dependences of the PL intensity of
1L-WSe2 and 1L-MoS2 are in clear contrast to each other, demonstrating the existence of the dark exciton in the former, while the bright
exciton in the latter (the PL trend shown later in Fig. 4).
Figure 3(b) shows the temperature dependent PL spectra of
Au-NP/1L-WSe2, and it was observed that there is an increase in the
PL intensity with the reduction in temperature, which was opposite to
the temperature dependence of pristine 1L-WSe2. The blue shift with
the reduction in temperature was the same as that of pristine 1L-WSe2
(Fig. S4). These measurements were repeated several times for different ﬂakes and were found to exhibit the same trend. Some asymmetry
in the PL line shape was observed for low temperatures similar to that
reported by Yan et al.38
Figure 4(a) shows the temperature vs PL intensity of 1L-WSe2
without and with Au-NPs. The PL intensity at different temperatures
has been normalized with respect to that of RT. The horizontal dashed
line corresponds to the PL intensity at RT. It is clearly evident that the
PL intensity for pristine 1L-WSe2 lies below the dashed line for all
temperatures, while that of the Au-NP/1L-WSe2 lies above it. The PL
intensity of Au-NP/1L-WSe2 at 100 K was observed to be 3 times
more than that at RT. Figure 4(b) shows the temperature vs PL intensity of MoS2 without and with Au-NPs, where the temperature dependence of intensity remained unaltered, indicating the diversiﬁed effect
of Au-NP interaction with WSe2 and MoS2.
The effect of Au-NPs, plasmon-exciton interaction, and the ﬁeld
experienced by the exciton is known to remain almost constant over
the investigated temperature range.39 The possible reasons for the
reversed trend of the PL intensity vs temperature for Au-NP/1L-WSe2
include: (i) luminescence from localized/defect states; (ii) emission
from intervalley indirect transition; and (iii) perturbation in lowest
dark state transition. Localized states originate due to the disorder or
defect in the material because of impurity, stress, and/or substrate

FIG. 3. Temperature dependent PL spectra of 1L-WSe2 (a) without and (b) with AuNPs using 1.96 eV excitation. The direction of the red arrow indicates the reduction
in temperature from RT to 100 K. In both the cases, the intensity was normalized
with respect to the RT intensity.

FIG. 4. (a) Temperature vs PL intensity of 1L-WSe2 without (blue square) and with
(red circle) Au-NPs using 1.96 eV excitation; (b) temperature vs PL intensity of
MoS2 without (blue square) and with (red circle) Au-NPs using 2.54 eV excitation.
In both the cases, the intensity was normalized with respect to the RT intensity.
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roughness.40 Emission from these states may also be signiﬁcantly
affected by Au-NPs coated on the ﬂakes.11 Emission from these states
increases with the decrease in temperature and occurs at much lower
energy than that of the free exciton. However, localized state emissions
are observed at temperatures as low as few tens of Kelvins and become
insigniﬁcant above 100 K.11,38,40 In the present experiments, an
increase in the intensity was observed for all the temperatures below
RT with a consistent blue shift and no emergence of new low energy
peaks. Therefore, the contribution from localized states to the reversed
temperature trend can be ruled out. Second, the intervalley excitons
are momentum-forbidden and need phonon interaction to become
optically active. Since the phonon population decreases with the
decrease in temperature, the possibility of intervalley excitons can also
be eliminated.
Therefore, the only possible reason for this reversed trend can be
due to the perturbation in the lowest optically dark-state transition. As
discussed previously, there exists conduction band spin splitting in
1L-WSe2, which gives rise to the intravalley optically dark state which
has recently been shown to consist of two distinct states.41 Because of
the short range electron-hole exchange interaction, the degeneracy of
this dark state is lifted. The lower state is spin-forbidden and electric
dipole forbidden, known as the perfectly Dark exciton (XpD), and the
upper state is spin-forbidden but electric-dipole allowed (out-of-plane
of the 1L), known as the Gray exciton (XG). These dark states can be
made optically bright with the use of the in-plane magnetic ﬁeld, outof-plane electric ﬁeld, and/or reﬂection symmetry breaking.42
In the present work, all the PL measurements were carried out in
backscattering geometry, where neither the external in-plane magnetic
ﬁeld nor the out-of-plane electric ﬁeld was used. However, the Au-NPs
have a large scattering cross-section43,44 and can scatter the incident
light to a wide range of angles, some of which would be along the plane
of 1L-WSe2 with an out-of-plane electric ﬁeld component [schematic
shown in Fig. 5(a)]. To verify this, single nanoparticle electromagnetic
simulation was carried out using CST-Microwave Studio, a commercial
electromagnetic solver45 (the details are given in Sec. S5). Figure 5(c)
shows the simulated time averaged ex and ez components of the electric
ﬁeld at 1.96 eV. It was observed that, for the x-polarized excitation, the
scattered electric ﬁeld has both the x and z components. In fact, the ez
component was well conﬁned between the Au-NP and 1L-WSe2 with
strength more than that of ex in the vicinity of Au-NP. This out-ofplane ez component can be responsible for the brightening of both the
components (XG, XpD) of dark excitons. The XG exciton interacts with
ez via the out-of-plane electric dipole moment and becomes optically
bright. Recently, it has been experimentally demonstrated that XG can
be excited/detected optically using either in-plane illumination or a
high numerical aperture objective lens.46 Moreover, the ez component
breaks the reﬂection symmetry of 1L-WSe2. This reﬂection symmetry
breaking along with the strong spin–orbit interaction in 1L-WSe2 can
lead to the spin ﬂip and hence make XpD bright.42,47,48 Therefore,
Au-NPs in the vicinity of 1L-WSe2 give rise to the out-of-plane electric
ﬁeld due to the wide angle scattering of the incident light, which was
also evident from the emergence of new peaks in the Raman Spectrum
of Au-NP/1L-WSe2, shown in Fig. 2(b). The PL spectrum of Au-NP/
1L-WSe2 at 100 K was further analyzed by deconvolving into the constituent Gaussian peaks (shown in Fig. S5). The two curves with peaks
at 1.71 eV and 1.66 eV can be attributed to XO and XD respectively,
with the peak separation of 45 meV.17–19
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FIG. 5. Brightening of the Dark exciton: (a) E-k diagram of 1L-WSe2 at the K valley,
showing conduction band splitting into bright (blue) and dark (red) exciton levels.
Furthermore, the fine structure splitting of the dark exciton into lower spin-flip
allowed (XpD) and upper z-dipolar allowed (XG) is also shown. For clarity, electrons
and holes are shown off the central axis and only the A-exciton level is shown in
the valence band. (b) Schematic of Au-NP/1L-WSe2 on Sapphire, showing the wide
angle scattering of the x-polarized incident light (ex), resulting in light along the
plane of 1L-WSe–2 with the ez component. (c) Simulated electric field plot showing
the ex and ez component of electric field distribution on the x-z cross section. The
color represents the normalized electric field intensity je=eo j on the log scale.

In conclusion, a reversed temperature trend of PL intensity was
observed in Au-NP/1L-WSe2 structures, which could be assigned to the
brightening of XD. Scattering from Au-NPs resulted in an out-of-plane
electric ﬁeld, which was supported by single NP electromagnetic simulation. The combined effect of this out-of-plane electric ﬁeld and strong
SOI in 1L-WSe2 resulted in brightening of XD. This work provides a
simple approach for tuning excitonic properties of atomically thin materials, offering simple strategies for quantum optoelectronics. This work
also indicates that the effect of plasmon-exciton interaction can have
far-reaching consequences due to intriguing properties of materials and
not just a result of ﬁeld enhancement and charge transfer.
See the supplementary material for Au-NP characterization;
AFM images of 1L-WSe2; PL spectra of MoS2; and deconvolved PL
spectra of Au-NP/1L-WSe2 showing XD.
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