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Figure 1 (Color online) (a) Dispersion relation of SPP at infinite metal and air interface; (b) the electromagnetic field distribution of surface plasmon
at metal-air interface, the background is the distribution of the y-component of the magnetic field, and the orientation and length of the black arrows
indicate the direction and amplitude of the electric field; (c) the electric field decay exponentially in the z-direction (perpendicular to the interface) at

both medium, reflecting the bound, non-radiative nature of SPP.
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Figure 2 (Color online) Electromagnetic calculations of the near-field distribution of different silver nanoparticles. (a) A nanosphere (diameter
60 nm) has a maximum field enhancement factor of 19; (b) a nanoprism (edge 60 nm, thickness 20 nm) has a maximum enhancement factor of 103; (c)
a nanorod (length 60 nm, width 15 nm) has a maximum enhancement factor of 106; (d) a silver nanosphere dimer (diameter 60 nm, gap 2 nm) has a
maximum enhancement factor of 338; (e) a silver nanocube over mirror system (cube side length 65 nm, gap 3 nm) has a maximum enhancement
factor of 450. The gap mode of the coupled systems in (d) and (e) have a stronger field enhancement compared to the single nanoparticle plasmon

modes in (a)—(c).
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Figure 3 (Color online) (a) Top view of the monolayer TMD hexagonal crystal structure composed of transition metal atoms (blue) and chalcogen
atoms (orange). A side view shows the 3D structure. The bottom is the hexagonal Brillouin zone with the I' point and the two inequivalent +K and —-K
points. (b) Valley-dependent optical selection rules for interband transitions in monolayer TMD. o+ polarized light couples to the +K (red) valley, and
o— polarized light couples to the —K (blue) valley. (¢) and (d) Band structure of monolayer WS, and MoS,. Green and black curves demonstrate the
valence and conduction bands. (e) and (f) Absorption spectrum (orange curve) and photoluminescence (blue curve) of monolayer WS, and MoS, at
room temperature. Panels (a) and (b) are adapted with permission from ref. [31]; panels (c)—(f) are adapted with permission from ref. [32].
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Figure 4 (Color online) (a) PL spectrum of the defect states in monolayer WSe,. The insets show a high-resolution spectrum of the highest intensity
peak (left) and a zoom-in of the monolayer valley exciton emission (right). The localized emitters exhibits redshift peaks and much narrower linewidth.
(b) Second-order correlation function of the highest intensity peak. The extracted gz(O):O.14i0.04. Panels (a) and (b) are adapted with permission from

ref. [74].
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1 B SCHR96], (d)—(DHif B SCHR[97]

Figure 5 (Color online) (a) Schematic diagram of the monolayer WSe, on the gold trench hybrid system; (b) and (c) are corresponding second
harmonic generation (SHG) mappings, at the transverse polarization resonant excitation and the longitudinal polarization non-resonant excitation,
respectively. The white dotted line is the outline of monolayer WSe,. (d) Schematic diagram of SHG from silver nanowire-monolayer MoS, hybrid
structure; (e) opitical imaging under the excitation wavelength of 796 nm; (f) imaging at SH frequency, the white dotted line is the outline of monolayer
MoS,. Panels (a)—(c) are adapted with permission from ref. [96], panels (d)—(f) are adapted with permission from ref. [97].
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Figure 6 (Color online) (a) Using the two-dimensional material MoS,
as the gap layer of the nano-cavity, and as the probes for SERS
measurement at the same time, which effectively solved the problem
that it was difficult to accurately control the number of probes and the
orientation of traditional Raman molecules in the nano-gap with very
small space; (b) SERS spectrum of monolayer MoS, on the gold film
and nano-cavity, which shows a selective enhancement of phonon
mode; (c¢) using surface plasmon resonance peak scanning to obtain
transverse and longitudinal field enhancement SERS under the different
resonance peaks; (d) SERS enhancement factor as a function of gap
distances (number of MoS, layers) and the corresponding theoretical
predictions based on the classical electromagnetic field model. Panels
(a)—~(d) are adapted with permission from ref. [107].
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Figure 7 (Color online) (a) The photoluminescence enhancement of single gold nanorod on monolayer WS, system; (b) the photoluminescence
enhancement of silver nanodisc arrays on monolayer MoS, system; (c) the photoluminescence enhancement of monolayer WSe, in silver nanocube-
over-mirror system; (d) the dark exciton photoluminescence has been largely enhanced by gap plasmon in tip-over-gold film system. Panel (a) is
adapted with permission from ref. [43]; panel (b) is adapted with permission from ref. [44]; panel (c) is adapted with permission from ref. [9]; panel (d)

is adapted with permission from ref. [62].
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Figure 8 (Color online) (a) Schematic of MoS,-metasurface structure, the CVD grown MoS, monolayer is placed onto the SiO, layer, then
sandwiched between chiral metasurface and gold film. Degree of valley polarization (DVP) of MoS, (blue cycles) and MoS,-metasurface hybrid (red
cycles) under 6— (b) and o+ (c) excitation (laser wavelength 633 nm) at 87 K. DVP is increased from 25% to 43% with o— excitation, while it is
decreased from 25% to 20% with o+ excitation. (d) Schematic illustration of directional emission of a valley-polarized exciton in WS,. The measured
directional coupling efficiency, (I;—Ir)/(I;+1IR), of the guided emission as a function of the excitation position with the 6— (e) and o+ (f) circular
polarization. Gray lines are fitting results by using the calculated directional coupling efficiency. Dotted lines correspond to the total PL intensity
measured from the ends of the nanowire as a function of the excitation position. Panels (a)—(c) are adapted with permission from ref. [117]; panels (d)—
(f) are adapted with permission from ref. [10].
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Figure 9 (Color online) (a) Schematic of few-layer MoS, photo-
transistor with periodic Au nanoarrays. The HfO, layer (1 nm) between
Au nanoarrays and MoS, layer is a passivation layer to protect MoS,
layer from being damaged by Au nanoarrays deposition. (b)
Dependence of photocurrent on illumination power intensities. The
laser wavelength is 632 nm. The black line is for HfO,/MoS,, and the
red line is for Au nanoarrays/HfO,/MoS,. (¢) Schematic of monolayer
MoS, and gap plasmon mode hybrid photon current enhancement
device; (d) power density dependent photocurrent of a MoS,
photodetector before and after dropping the Ag nanoparticles. Inset:
the time response of a gap-mode plasmon-enhanced MoS, photo-
detector. A 532 nm solid state laser was used as the pump source. Panels
(a) and (b) are adapted with permission from ref. [126]; panels (c) and
(d) are adapted with permission from ref. [127].
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Figure 10 (Color online) (a) A schematic of the system with a single
silver nanorod on a monolayer WSe,; (b) a set of dark-field scattering
spectra of the silver nanorod on monolayer WSe, with an increased
alumina coating; (c) the avoid crossing behavior of the coupled system
by two coupled oscillator model fitting. The system has a Rabi splitting
of 49.5 meV when the detuning equals zero; (d) a schematic of the
system with a single silver nanoprism on a monolayer WS,; (e) coupled
system at various temperatures. The charged exciton and plasmon
coupled state emerges when the temperature is below 200 K. Panels (a)—
(c) are adapted with permission from ref. [158]; panels (d) and (e) are
adapted with permission from ref. [54].
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Figure 11 (Color online) (a) Scanning electron microscope image of a
typical silver nanodisk lattice patterned on monolayer MoS,; (b) angle-
resolved differential reflectance spectra of the silver nanodisk array
coupled with MoS, at 77 K. The disk diameter is 120 nm with a lattice
constant of 460 nm. (¢) The PL image of a WS, monolayer on the
plasmonic hole array; (d) energy/in-plane momentum dispersion for the
plasmonic hole array with WS, monolayer taken in TE reflection mode.
Panels (a) and (b) are adapted with permission from ref. [162]; panels
(c) and (d) are adapted with permission from ref. [163].
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Figure 12 (Color online) (a) Schematic showing the hybrid system of an individual gold nanorod coupled to the WS,; (b) contour plot showing the
evolution of the scattering spectra with alternately switching “on” and “off” the gate voltages between 0 and —120 V. The color represents the
normalized scattering intensity. (c) Schematic of the MoS, monolayer-plasmonic lattice system integrated with an field effect transistor device; (d)
coupling strengths between LSP and neutral excitons and charged excitons as a function of the gate voltage. Panels (a) and (b) are adapted with
permission from ref. [159]; panels (c) and (d) are adapted with permission from ref. [166].
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Transition metal dichalcogenides (TMDs) are one of the hot research areas owing to their unique optoelectronic
properties, which have been demonstrated for potential usage in light harvesting, photodetectors, phototransistors, light-
emitting diodes, and nanolasers, etc. Few-layer TMDs are attractive because their band gaps are in the visible to near-
infrared region, their excitons have large binding energies and high oscillator strengths, and the inversion symmetry
breaking in monolayer TMDs brings in valley-selective circular dichroism. Surface plasmons supported in metallic
nanostructures can confine light in the subwavelength scale. The optical properties of surface plasmons, such as the
resonance position, linewidth, near-field enhancement, and far-field radiation properties can be flexibly controlled by
reasonable design. The combination of the plasmonic nanostructures and TMDs will advance the frontiers of
nanophotonics and promote the applications of nanophotonic devices. In this paper, we review the state of the art research
advances on hybrid plasmonics-TMDs structures. We first introduce the properties of propagating surface plasmon
polaritons and localized surface plasmons, emphasizing on the property of the near field enhancement, which is the
physical foundation of enhancing light-matter interaction in many nano-optics systems. Then, we briefly introduce the
basic theoretical background of light-matter interaction and explicate the boundary between weak and strong coupling
region. The next we introduce the basic lattice structure and atom composition of TMDs materials as well as the related
optical properties, including the strong excitonic effect at room temperature, valley-selective circular dichroism, and the
defect-related single photon emission. Further, we introduce the recent experimental advances on plasmon-exciton
coupling in the weak and strong coupling region. In the weak coupling region, the related research progress on surface-
enhanced spectroscopy including surface-enhanced nonlinear effect, Raman, photoluminescence, and the enhanced
photocurrent effect have been introduced in detail. In the strong coupling region, we focus on the current research
hotspots including single nanoparticle strong coupling, lattice structure strong coupling and the active control strong
coupling devices. Finally, we make a prospect of future opportunities based on this novel hybrid material platform.

surface plasmon, metal nanostructures, transition metal dichalcogenides, excitons, weak coupling, strong coupling
PACS: 73.20.Mf, 71.35.-y, 78.67-n, 51.70.+f
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