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The efficiency of photoluminescence (PL) of transition-
metal dichalcogenides (TMDCs) significantly influences
their practical applications in optoelectronic devices. In
this work, we study multiple coupling among excitons,
surface plasmons, and optical modes, and their effects on
PL of monolayer MoS2 atop plasmonic nanohole arrays.
Under the illumination of visible light, strong intensity en-
hancement of PL from monolayer MoS2 is observed in the
system. We further demonstrate that there exist excitons
induced fromMoS2, localized and propagating surface plas-
mons excited from nanoholes, and optical modes related to
the incident laser. And hybrid coupling of those modes sig-
nificantly improves the PL signals and also lightens the PL
images of monolayer MoS2. This work provides a unique
way to improve the emission of monolayer TMDCs. The
atomically thin TMDCs coupled to plasmonic metamateri-
als are also promising for advanced applications such as ul-
trathin integrated light-emission diodes, photodetection,
and nanolasers. © 2018 Optical Society of America
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Monolayer transition-metal dichalcogenides (TMDCs), such as
MoS2,WSe2, andWS2, have attracted much attention because
of their atomically thin thickness, direct bandgap, and strong
exciton binding energy [1–3]. These unique properties have
inspired versatile applications in electronics and photonics,
such as light-emitting diodes (LEDs), valley-selective circular
dichroism, and nanolasers [4–16]. The efficiency of photol-
uminescence (PL) of TMDCs significantly influences their
practical applications in optoelectronic devices. It is known that
the PL from MoS2 can be tuned by different methods such as
applying gate voltage to accumulate electrons or holes [17–19],
using hybrid heterostructures to affect carrier recombination

[20–22], and also chemical doping to change the carrier density
[23,24]. Physically, these methods can enhance the PL by tun-
ing the photogenerated carriers in MoS2. Besides, there is
another approach to achieve strong PL, i.e., enhancing the
light–matter interaction via photonic crystals [25,26] or plas-
monic metamaterials.

As we know, plasmonic metamaterials have been studied
extensively because of their subwavelength-confined optical
modes with highly enhanced electric fields [27–31]. These pro-
perties have inspired potential applications on optoelectronics
[32–36]. Recently, integrated plasmonic systems with ultra-
compact integration have attracted much attention [37,38].
MoS2 is a promising candidate when combined with plasmonic
structures for advanced optoelectronic applications. Actually
the coupling between different modes and strong light–matter
interaction can be achieved in MoS2 when combined with
plasmonic nanostructures, where the PL emission can be sig-
nificantly improved [39–43]. For example, plasmonic nanoan-
tennas or nanorods are used to enhance the laser absorption to
achieve a larger PL signal, where the surface plasmons can cou-
ple to the optical mode [44–47]. Moreover, in many plasmonic
structures, surface plasmons are used to couple to the exciton
modes of MoS2, and then the coupling can enhance the PL
efficiency [48–52]. Now that the improvement of PL has been
achieved by either enhancing the laser absorption or coupling
the exciton modes to recycling PL energy, it becomes possible
to further simultaneously improve the PL from MoS2 by
enhancing the absorption of laser and coupling exciton modes
in a hybrid MoS2–plasmonic system.

In this work, we focus on the hybrid coupling between ex-
citons, surface plasmons, and optical modes, and its effects on
PL of monolayer MoS2 atop of the plasmonic nanohole arrays.
We design nanohole arrays in a silver film with various periods.
The resonance modes in the structures, including the localized
surface plasmon (LSP) mode and propagated surface plasmon
(PSP) mode, are affected by the array periods. Then, we choose
certain periodic structures that can couple to the excitation laser
or a certain exciton mode of MoS2. We achieve strong PL
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intensity enhancement in the MoS2-hole array hybrid system.
Furthermore, we combine different periodic structures to excite
hybrid modes to improve the enhancement. Hybrid coupling
among those modes can be acquired, and as a result, PL emis-
sion can be efficiently enhanced. Our work provides unique
methods of PL enhancement by hybrid modes in plasmonic
nanostructures.

We first fabricate samples by depositing a 100-nm-thick
silver layer by magnetron sputtering on a Si substrate and then
etch the hole arrays by the focused ion beam (FIB, Helios
Nanolab 600i) technique. Scanning electron microscopy (SEM)
images of the etched arrays are shown in Figs. 1(a) and 1(b). We
then show the plasmonic modes excited in the hole arrays in the
silver film through the reflection spectra of structures with peri-
ods of 450 nm (S1) and 650 nm (S2), as shown in Figs. 1(c) and
1(d), respectively. The spectra calculated by the finite-difference
time-domain (FDTD) method (Lumerical FDTD Solution
8.0.1) are plotted together with experimental data in Figs. 1(c)
and 1(d), and we find these data are fitted to each other very
well. In the reflection spectra of S1 shown in Fig. 1(c), a distinct
dip can be found at 514 nm, which is intentionally matched
to the excitation laser when we design the structure. We have
marked this mode in S1 as mode one (M1). In the reflection
spectra of S2 in Fig. 1(d), two modes arise: one mode is around
514 nm (M2) that is similar to M1 but lower in amplitude, and
the other is around 670 nm (M3). We also plot the PL spec-
trum of monolayer MoS2 in Fig. 1(d), and we find that M3
overlaps with the PL peak of MoS2. As shown in Fig. 1(d), the
PL spectrum ofMoS2 can be fitted by two Gaussian peaks that
separately account for contributions from the A exciton and the
B exciton. We can find that M3 exactly overlaps with the peak
from the A exciton. So, we can find that in S2 these surface
plasmons can couple to the optical mode and A exciton mode,
respectively.

Then we attempt to analyze these modes by investigating
the electric field distributions from calculations. Electric field
distributions in both the horizontal (x − y) and vertical (x − z)
sections of these modes (M1–M3) are obtained, as shown in
Fig. 1(e). From the distributions, we can categorize these modes
in two classes, namely LSP modes excited around the hole with
a highly enhanced electric field (M1, M2) and PSP modes that

can propagate along the silver surface (M3). We find that all
these modes can highly enhance the electric field not only
at the surface but also in the vertical area (over 20 nm from
the silver surface). This result implies that in the hybrid system,
the electric field around MoS2 can be enhanced greatly when
these modes are excited, and the enhanced electric field can
improve the PL efficiency of MoS2.

Now we examine the PL of monolayerMoS2 on several plas-
monic nanohole arrays. As shown in Fig. 2(a), a 20-nm-thick
SiO2 layer was first deposited on the silver nanostructure as an
isolation layer. Monolayer MoS2 flakes grown by the chemical
vapor deposition (CVD) method [53] were then transferred on
the fabricated silver nanohole arrays. For example, Fig. 2(b)
shows a MoS2 triangular domain covering the Ag nanohole ar-
ray (S1) with a period of 450 nm, and Fig. 2(c) shows the SEM
image of the same sample. We have also carried out the PL
measurements of monolayer MoS2 on the Ag nanohole array
(S2) with a period of 650 nm. As shown in Fig. 2(d), both PL
spectra (left) and Raman spectra (right) excited by a 514 nm
laser are collected from S1, S2, and the bare area on Ag and
SiO2 (without the patterned holes) of theMoS2 flake. Compar-
ing these three cases, we find that the PL signal can be signifi-
cantly enhanced when MoS2 flakes are placed on plasmonic
structures. Also the intensity enhancement from S1 is stronger
than that from S2, which can be attributed to the highly en-
hanced electric field in M1 as obviously illustrated in Fig. 1(e).
In order to show the PL enhancement clearly, the PL and
Raman signal mappings of the sample are measured, as shown
in Figs. 2(e) and 2(f ). It is obvious that enhancement occurs
whenMoS2 covers the nanohole array. As discussed above, with
LSP or PSP modes excited in hole array structures, hybrid cou-
pling among surface plasmons, optical modes, and exciton
modes can induce the strong intensity enhancement of both
PL and Raman signals.

Such PL enhancement can be attributed to hybrid coupling
of different modes. It becomes possible to achieve PL enhance-
ment by combining different plasmonic structures to excite
hybrid plasmonic modes. Therefore, we try to enhance the PL
signal further by combining two structures with a period of
450 nm in the transverse (x) direction and a period of 650 nm
in the longitudinal (y) direction (S3), as shown in Fig. 3(a).

(a)

(c) (d)

(b) (e)

Fig. 1. SEM images of the hole arrays in silver film with period of
(a) 450 nm (S1) and (b) 650 nm (S2). The scale bar is 500 nm.
(c) Reflection spectra of S1 including both experimental and calculated
data. (d) Reflection spectra of S2 (left axis) and PL spectrum of mono-
layer MoS2 (right axis). The PL spectrum can be fitted by two
Gaussian peaks. (e) Electric field distributions of optical modes excited
in S1 and S2. The scale bar is 100 nm in all subfigures. The orange
double-headed arrow shows schematically the polarization direction of
the electric field.

(a)

(d) (e) (f)

(b) (c)

Fig. 2. (a) Schematic view of a sample fabricated with MoS2 flakes
transferred onto the hole array. (b, c) Photograph and SEM image of
the sample with MoS2 flakes placed on S1. The scale bar is 5 μm.
(d) Left, PL spectra of MoS2 samples with S1, S2, and without any
structure (Bare). Right, Raman spectra of these samples. (e, f ) PL and
Raman mappings of the sample in (b). White dot (S1) and black dot
(Bare) show the locations of the PL and Raman spectra shown in (d).
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In the reflection spectrum of S3 in Fig. 3(b), we can see two
obvious modes. The first dip around 514 nm is clearly deeper
than that of M2 because it originates from both M1 in S1 and
M2 in S2; meanwhile, the second dip originating from M3 is
conserved. So indeed hybrid modes can be excited in the S3
structure. A photograph of this sample is shown in Fig. 3(c),
and PL mapping of the same sample is shown in Fig. 3(d). We
can clearly see a distinct contrast of PL intensity between sam-
ples with and without the hole array in the PL mapping. It is
apparent that S3 can strongly enhance the PL of MoS2.

The PL spectra measured from different structures (S1–S3)
are shown in Fig. 4(a). The intensity enhancement from S3 is
the largest among all structures, which indicates that the hybrid
modes excited in S3 effectively enhance the PL. Another
noticeable phenomenon is that the A exciton peak (around
670 nm) from S3 is clearly higher than that from S1, while
the B exciton peak (around 620 nm) from S3 is approximately
equal to that from S1. This suggests that different enhance-
ments between A and B excitons can be acquired in these struc-
tures. To clarify this difference between A and B excitons, the
PL enhancement of A exciton and B exciton from different
structures (S1, S2, S3) is shown in Fig. 4(b). The intensity en-
hancement of PL can be evaluated by integrating the intensity

of the A exciton peak or B exciton peak [fitted from the entire
PL spectra, as shown in Fig. 1(d)], and normalizing it to that in
bare structure. The enhancement factor is defined as the ratio
of the PL intensity from A exciton or B exciton on the hole
structures to that on bare structure, which indicates the PL
enhancement from the hole structure. We can see that the
differences between A and B excitons occur only in the struc-
tures (S2, S3) that can excite the PSP mode. On the contrary, in
structure S1, the enhancements of A and B excitons are not
different. The reason is that the LSP mode only couples with
the optical mode from the laser and enhances laser absorption,
but the PSP mode couples to A exciton and enhances its emis-
sion. Interestingly the PL enhancement effect in this system can
be further improved by several ways, such as decreasing the
thickness of the SiO2 layer or reducing the defects in MoS2
via annealing in vacuum. We also investigate the full-width
at half-maximum (FWHM) of A and B exciton peaks, as shown
in Fig. 4(c). The FWHMs of B exciton peak in S1, S2, and S3
are all larger than that in the bare structure. However, the
FWHMs of A exciton peak in S1, S2, and S3 are in two differ-
ent cases, i.e., in S1, the FWHM is larger than that in the bare
structure and in S2 and S3, the FWHMs are smaller than that
in the bare structure. Therefore, with the PSP mode excited at
670 nm, S2 and S3 can selectively enhance the A exciton mode
and decrease the FWHM of the A exciton peak.

To visualize the PL enhancement in our designed structures,
we directly capture PL images by a charge-coupled device
(CCD) with laser filters. Figures 5(a)–5(d) show the PL images
from monolayerMoS2 without any other structure (bare), with
S1, S2, and S3, respectively, where the power of the excitation
laser is the same in all conditions. We can compare the emission
intensity and the emission area of PL signals in these images to
find the influence of excited modes from different structures.
It is interesting to see that the PL signal in Fig. 5(b) is much
stronger than that in Fig. 5(a). This phenomenon exactly con-
forms to the LSP modes in S1, where the LSP modes exhibit
highly enhanced fields around the holes. While the PL area in
Fig. 5(c) is much broader compared to Fig. 5(a), and this con-
forms to PSP modes in S2 because the PSP modes can propa-
gate to broader areas. Since both modes are conserved in S3, the
PL image in Fig. 5(d) exhibits a brighter and broader spot.
These PL images can directly show the consequences of different
modes excited in our designed structures and verify that enhance-
ment of PL originates from the hybrid plasmonic modes.

In conclusion, we have demonstrated that hybrid coupling
among excitons, surface plasmons, and optical modes happens

(a) (b)

(c) (d)

Fig. 3. SEM image of the hole array with a period of 450 nm in the
transverse direction and 650 nm in the longitudinal direction (S3);
the scale bar is 500 nm. (b) Reflection spectra of S3. (c) Photograph
of the fabricated sample withMoS2 flakes placed on S3; the scale bar is
5 μm. (d) PL mapping of the sample.

(a) (b)

(c)

Fig. 4. (a) PL spectra of MoS2 with S1, S2, S3, and without any
structure (Bare). (b) Enhancement of PL signal from A exciton and
B exciton. (c) FWHM of A exciton and B exciton peaks in different
structures.

(a) (b)

(c) (d)

Fig. 5. PL images of MoS2 samples (a) without any structure,
(b) with S1, (c) with S2, and (d) with S3. The scale bar is 3 μm.
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in combined plasmonic nanostructures with monolayer MoS2.
The hybrid coupling has significantly enhanced the PL of
monolayer MoS2. Under the illumination of visible light, the
excitons fromMoS2, the LSPs, and PSPs excited in the metallic
nanostructure and the optical modes related to the incident
laser are all coupled together. Consequently, significant inten-
sity enhancement of the PL has been achieved in the system.
Currently the experiments are carried out in monolayer MoS2
systems, yet similar results can be expected in other TMDCs.
Therefore, the atomically thin TMDCs combined with plasmonic
metamaterials are promising for advanced applications such as
ultrathin integrated LEDs, photodetectors, and nanolasers.
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