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ABSTRACT

Hybridized with plasmonic nanoscale metals, including metallic nanoparticles and nanostructures, two-
dimensional transition metal dichalcogenides (TMDs) exhibit unique enhanced optical properties,
promising widespread applications in optoelectronic devices, such as photodetectors, photovoltaics and
light-emitting devices. In this review, the recent developments of the plasmonic hybrids composed of
TMDs and nanoscale metals are comprehensively described. First, the architectures of hybrid hetero-
structures are classified according to the stack site of TMDs, as well as the morphology of nanoscale
metals. Then, the mechanisms behind the enhanced optical properties of plasmonic hybrids are briefly
introduced. Furthermore, we elaborate the unique enhanced or tailored optical properties and the
enabled applications of the hybrids of TMDs and nanoscale metals based on their architectures. Lastly,
the prospect for the future fabrication trend and practical applications of the plasmonic hybrids are
presented.

Enhanced optical properties
Device applications

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, two dimensional (2D) transition metal dichal-
cogenides (TMDs) have received plenty research interests, due to
their novel optoelectronic properties and applications in light
emitting, photodetection and sensor devices [1,2]. TMDs have a
general chemical formula of MXy, where M is a transition metal
atom from groups IV, V, and VI, and X is a chalcogen atom [3,4]. In
particular, molybdenum- and tungsten-based TMDs are semi-
conductors, having indirect band gaps ranging from the visible to
the near-infrared (NIR) in bulk forms. Remarkably, TMDs exhibit
larger direct band gap (1.7—2.2 eV) when they are thinned down to
monolayers [5]. Compared with graphene that has a gapless band
structure and hence has limitations in the applications of electric
transistors and photodetectors, the bandgap of TMDs is in the NIR-
to-visible range, shows superiority in the integration into
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optoelectronics devices, such as light-emitters, photodetectors and
modulators [6—9]. The semiconducting characteristics of TMDs
results in a well-defined boundary between their on and off states
which is very useful in a device operation. In addition, their
atomically thin feature enables high transparency, mechanical
flexibility, easy fabrication and integration, and robustness, offering
the opportunity for bendable, flexible, and conformal devices, and
new optoelectronics emerging wearable and portable optoelec-
tronics [7,10].

However, the thickness of 2D TMDs is too thin to absorb suffi-
cient light, which inevitably restricts their efficient applications in
optoelectronics. For example, the light absorption of monolayer
MoS; is less than <10% [11,12], although its already much higher
than that of graphene (2.3%) [13]. Due to the limited light-harvest
ability and manipulating possibility, efficient utilizations of TMDs
are far from practical applications. Thus, efficiently enhancing the
light absorption of TMDs materials to satisfy the requirements of
practical applications has become an important issue.

To solve this problem, integrating TMDs with plasmonic nano-
scale metals, including metallic nanoparticles and nanostructures,
has been demonstrated to be a novel strategy to broaden the
application of TMDs. Plasmonic nanoscale metals enable light
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manipulation beyond the diffraction limit of light by the excitation
of surface plasmons, which confines the electromagnetic field at
the interface between semiconductors and metal, have been
demonstrated to improve the performance of semiconductor op-
toelectronic devices [14—16]. Due to the plasmonic light-mater
interaction, the light-harvesting efficiency and optical responds of
TMDs are significantly enhanced, so the plasmonic TMDs hybrids
show exceptional potential applications in optoelectronics as a
result. With the advance of nanomaterial synthesis and the prog-
ress of nanofabrication techniques, researchers have achieved
substantial progress toward such a goal in the past years.

In recent years, several articles have reviewed the progress in
the research on the hybrids of 2D materials and metallic nano-
materials [17—21], however, which normally emphasized on a
certain topic, and a more comprehensive and in-depth review is
needed. As we know, the optical properties and device application
of the plasmonic hybrid nanosystems closely depend on their ar-
chitecture structures, and hence around the different architecture
structures of the TMDs-nanoscale metals hybrids, their related
enhanced optical properties and device applications should be
symmetrically discussed.

In this review, we provide an overview of the recent research on
the TMDs-nanoscale metals hybrids, based on their various
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architectures, the plasmon enhanced optical properties and the
applications in optoelectronic devices, as summarized in the Fig. 1.
Particularly, the architectures of the plasmonic hybrid hetero-
structures is firstly classified, and the mechanisms behind the
enhanced optical properties of the plasmonic hybrid hetero-
structures is briefly discussed in Section 2. Further, the enhanced
optical properties of TMDs, including photoluminescence (PL)
emission, reflectance, absorbance, Raman spectra and nonlinearly
optical property are presented and discussed based on the archi-
tecture of the plasmonic hybrids in Section 3. The device applica-
tions of the plamonic hybrid nanosystems are reviewed in Section
4. Finally, the conclusion and outlook for future development and
potential applications of hybrids of TMDs-nanoscale metals are
discussed in Section 5.

2. Architectures of plasmonic hybrids of TMDs and nanoscale
metals

2.1. Architectures of plasmonic hybrids
Before discussing the architectures of the hybrids of TMDs and

nanoscale metals, the following points should be addressed in
advance. (1) Although there are many methods for preparing

Fig. 1. Summary of the architectures, enhanced optical properties and devices applications for the plasmonic hybrids of TMDs and nanoscale metals.
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monolayer and few-layer TMDs, the mechanically exfoliated (ME)
and chemical vapor deposition (CVD) grown TMDs are the mostly
employed for constructing plasmonic hybrids, because a flat 2D
TMDs flake is essential for forming a photoelectric device, espe-
cially to integrate with silicon technologies [22—24]. In addition,
the intrinsic physical properties of ME TMDs or CVD TMDs can be
best reserved than the TMDs prepared by other methods, guaran-
teeing their applications in high performance photoelectric devices
[25—27]. (2) Two types of nanoscale metals including metal
nanoparticles (NPs) and metal nanostructures (NSs) are discussed
in this review. In this review, NPs are random and prepared using
chemical synthesis and physical deposition methods, whereas the
NSs are periodic and fabricated using planar micro/nanofabrication
techniques.

Plasmonic NPs include usually different morphologies, such as
not only irregular-shaped nanoparticles, but also nanocubes,
nanospheres, nanotriangles, etc [28—30]. For the sake of discussion,
some randomly distributed nanomaterials with large aspect ratio
[31—33], such as nanorods, nanowires, are classified as NPs, which
are also used to compose hybrid heterostructures with TMDs as
well. On the other hand, most plasmonic NSs are the regular peri-
odic nanostructures, such as nanodisks, nanopillars and nanopores,
etc [34—37]. Except from the above, nanogap is considered as a
special type of NSs to be combined with TMDs, which can greatly
boost local electromagnetic (EM) field for enhanced optical prop-
erties of the hybrids [38,39]. Particularly, in order to promote the
application of TMDs in THz devices or nonlinearly optical devices,
the metasurfaces with specific patterns based on NSs are designed
to couple with TMDs.

Most NPs are prepared using the so-called seed-mediated
method, has become the most popular approach to synthesize NPs
with different morphologies [40]. To constitute hybrids with TMDs,
NPs are randomly dispersed on the substrate or on the surface of
TMDs. In addition to the randomly dispersed NPs, periodic orga-
nized NPs arrays can be fabricated using template methods, such as
anodic aluminum oxide (AAO) template and sphere lithography
[41,42]. Except from chemical methods, physical methods,
including sputter deposition, thermal evaporation, and electron-
beam evaporation with the aid of the annealing process, also are
used to fabricate NPs over large area. By controlling the deposition
rate and time, the size and density of NPs can be modulated. The
periodic NSs are fabricated using nanofabrication techniques that
are widely employed in fabricating plasmonic nanostructures, such
as optical lithography, E-beam lithography (EBL), focused ion beam
(FIB) etching, reaction ion etching (RIE), etc.

In contrast to the freestanding NSs that pursue the highest
plasmonic enhancement and need special fabrication procedure,
the NSs utilized in this hybridization are relatively simple and
mostly focused on how to better integrate with TMDs.

2D TMDs and nanoscale metals can constitute various hybrid
heterostructures, as summarized and classified in the Fig. 2.
Generally speaking, there are two types of hybrid architectures, (1)
double-layer architecture composed of one layer of nanoscale
metals and a TMDs flake, (2) three-layer sandwich-like hybrid
nanostructure composed of nanoscale metals, TMDs, and a mirror
metal layer (or NSs), in which the TMDs layer is inserted in the
middle. As presented in Fig. 2(a), NPs can be deposited on or un-
derneath the TMDs layers, for the double-layer TMDs-NPs hybrids.
Similarly, in the double-layer TMDs-NSs hybrids, NSs can be
fabricated after or before transferring TMDs, as presented in
Fig. 2(b). In addition to the regular periodic NSs, NSs with special
structure designs are proposed, and the selected schematics of
three typical hybrids are exhibited in Fig. 2(c), such as nanopillars,
nanopore, nanogap. Nanopillars as a high aspect ratio NS are
employed to support TMDs, and nanopore arrays are also often

Materials Today Physics 17 (2021) 100343

fabricated as sunken NS under TMDs. Among various NSs, nanogaps
array is special nanostructure due to its strong local EM field, which
are fabricated to hybridize with TMDs for outstanding enhanced
optical properties. For three-layer sandwich-liked hybrids, a metal
film is mostly deposited as a mirror layer before transferring TMDs,
and NPs or NSs are then deposited on top of TMDs, as illustrated in
Fig. 2(d). Of course, the mirror layer can be replaced by NSs in some
specified applications.

From the view-point of the feasibility, double-layer architec-
tures are mostly employed in the fabrication of plasmonic hybrid
frameworks, but the sandwich-liked architectures pave an addi-
tional route for plasmonic enhancement in the hybrids though
complicated in fabrication process [43,44]. Moreover, the mecha-
nisms under the plasmonic enhancement of TMDs-nanoscale
metals hybrids depend on the architecture structures, and the op-
tical properties of TMDs can be enhanced and modulated as a
result. Additional plasmonic enhancement can be introduced into
the sandwich-liked hybrid frameworks by placing the mirror layer
underneath TMDs. In the following section, the mechanisms under
the enhanced optical properties of the plamonic hybrids will be
discussed.

2.2. Mechanisms under the enhanced optical properties of the
hybrids of TMDs and nanoscale metals

The optical responses of the TMDs layers can be dramatically
modulated by the hybrids of plasmonic nanoscale metals and
TMDs. The plasmonic structures improve optical absorption in the
TMDs layer through three path [45] (i) scattering the incident ray of
light, which increases the interaction length; (ii) trapping light by
excitation of localized surface plasmon resonances (LSPRs), which
enhances the absorption cross section. or (iii) trapping and guiding
light via surface plasmon polaritons (SPPs) at the metal semi-
conductor interface, which increases the interaction length and
cross section. Among above TMDs-nanoscale metals interaction
mechanisms in hybrids, LSPRs play the dominant role in the
modulated optical properties of TMDs in both double-layer and
three layer architectures [17—21]. On the other hand, the SPPs
normally take place in a continuous metal layer, consequently
influencing the enhanced optical properties, especially in the
sandwich-liked hybrids.

LSPRs, induced by the collective oscillation of electrons in the
metal surface, can be excited by far-field incident light, whose en-
ergy can be consequentially concentrated at the surface of NPs and
NSs [46—48]. While the frequency of the incident light wave is in
resonance with the characteristic frequency of LSPRs, the local EM
field is prominently enhanced as a result. The intensity of the
excited light, which is proportional to the square of the amplitude
of EM field (E), can be enhanced by 2-5 orders of magnitude. The
low absorption efficiency of TMDs can be increased, and thus the
photoelectronic covert yield of the TMDs can be significantly
boosted as a result, as the schematic drawing exhibited in Fig. 3(a).
In addition to the high enhancement factor, one advance of LSPRs
over SPPs is less dissipation since the induced EM wave is locally
confined and cannot propagate along the metal surface [15]. In the
strong coupling process of TMDs’ excitons and surface plasmon, the
spontaneous emission rate for the 2D TMDs layer is also enhanced
as a result of the increased internal quantum efficiencies and pro-
moted radiative decay, which is known as the Purcell effect
[49—52]. When the resonant frequency of the LSPRs overlaps the
emission frequency of the TMDs, the PL energy coupled to the
LSPRs mode is prominently increased [31]. The effective enhance-
ment of the plasmonic nanostructures on the PL emission of TMDs
should be a product of the enhancement of excitation and emission.
Designing and fabricating proper nanostructures with high EM
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Fig. 2. Schematic drawings of different architecture types of plasmonic hybrids of TMDs and nanoscale metals, and some typical structural units are shown on the left, including
nanoparticles and nanostructures with nanodisks, nanopillars, nanogaps and nanopores. (a) double-layer architecture composed of random NPs and TMDs, (b) double-layer ar-
chitecture composed of periodically arrayed NSs (nanodisks as an example) and TMDs, (c) double layer architecture composed of NSs with special geometries and TMDs, which are
nanopillars, nanopores and nanogaps from top to bottom, (d) three-layer architecture with sandwich-like plasmonic hybrid composed of nanoscale metals, TMDs, and a mirror

metal layer (or periodic NSs).

enhancement in both excitation and emission wavelength range is
the key to achieve the best performance for plasmonic TMDs
hybrids.

Another important property of plasmonic nanoscale metals is
their ability to generate energetic or “hot” carriers under an exci-
tation light, which can enable photocurrent generation from pho-
tons with energy below the bandgap of the 2D semiconducting
channel [53—59]. For the PL emission process of the semi-
conducting TMDs, PL light is emitted during the recombination of
excitons. The excitons are formed by the electrons those relax from
the conduction band into the excitonic level, which are excited by
the laser with a proper wavelength. In the TMDs/nanoscale metals,
the surface plasmon excited "hot electrons" inject into the con-
duction band of the semiconducting TMDs, resulting to signifi-
cantly increased density of excitons, and enhance the PL emission
of TMDs consequently, as illustrated in Fig. 3(b).

As known, the free electrons oscillate collectively at the metal
surface to form LSPRs. Due to Landau damping, the in-phase
oscillation gradually becomes diphase, and non-equilibrium elec-
tron distribution is formed consequently. The energy between

high-energy electrons and those with low energy exchanges
because of the electron-electron scattering, giving rise to a Fermi-
Dirac-like electron distribution, so-called as hot electron distribu-
tion [17]. The incident light can couple with surface plasmons by
nanoantennas, and the nonradiative decay of the plasmons results
in hot electrons that can transfer across the Schottky barrier at the
metal—semiconductor interface and be detected as a photocurrent
[53,54]. The generation of “hot electrons” in plasmonic TMDs-
nanoscale metals hybrids play a significant role in enhancing the
performance of photoelectric and photocatalysis devices [55—58].

For three-layer sandwich-like hybrids, the coupling effect be-
tween the LSPR and SPPs will play an important role in the
mechanisms under the enhanced optical properties of TMDs
[60—62]. When an ultra-thin nanogap is constructed by inserting a
layer of TMDs between NPs (or NSs) and a metal layer, a so-called
nanocavity is produced as well. The coupling between the LSPR
on NPs (or NSs) and the SPPs of metal layer can significantly
enhance the EM field in the gap region, as illustrated in Fig. 3(c).
The PL emission of TMDs can be significantly enhanced due to the
exciton-coupled SPPs that propagate from the metal film [43,44].
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Fig. 3. Schematic illustration of three typical mechanisms under the enhanced optical properties of the hybrids. (a) LSPR coupling with PL emission, (b) hot-carrier effect and (c) the
coupling effect between LSPR and SPPs in the plasmonic hybrid of nanoscale metals and TMDs.

The SPPs of the nanocavity can be tuned by controlling the thick-
ness of nanogap and the size of NPs, which allows to successively
adjust the SPPs to accurately match the exciton energy of TMDs
[63].

In addition to the prominent field enhancement characteristic,
periodic plasmonic NSs show unique resonance coupling efficiency
with high quality factor, which makes them a suitable candidate to
achieve coherent coupling between excitons and plasmons in the
system of TMDs-NSs hybrids. Thanks to the development of
nanofabrication techniques, metal NSs with controllable periods,
size, and the shape have been successfully fabricated. In the strong
coupling process of exciton and surface plasmon, splitting in the
spectra, so-called Rabi splitting, can also be observed [64,65]. This is
essential for fabricating an emitter with a high oscillator strength
and a high exciton binding energy [64]. Strongest coupling between
exciton and plasmon is achieved when LSPRs locate in the reso-
nance with MoS; excitons and detuned lattice resonances [66,67].

The exciton-plasmon coupling in hybrid TMDs-nanoscale
metals effectively modulates the optical properties of TMDs.
Through coupling between excitons, LSPRs of the nanostructures,
emission quantum efficiency of TMDs significantly improved, novel
2D plasmonic polaritonic devices can be realized.

3. Enhanced optical properties of plasmonic hybrids

The optical properties, such as PL emission, reflectance, absor-
bance and Raman scattering of TMDs can be significantly improved
after hybridized with nanoscale metals. In the following section,
the enhanced optical properties of plamonic hybrid of TMDs-
nanoscale metals will be discussed based on their architecture
configurations.

3.1. Enhanced photoluminescence (PL) of different hybrid
frameworks

The most widely studied optical property of TMDs is the PL
emission, therefore diverse nanoscale metals have been employed
to hybridize with TMDs in order to enhance their PL emission. In
this section, the enhanced PL property of TMDs-nanoscale metals
hybrid nanosystems will be discussed based on five types of ar-
chitectures, including four types of double-layer architecture, such
as NPs on or under TMDs (NPs/TMDs and TMDs/NPs), NSs on or
under TMDs (NSs/TMDs and TMDs/NSs), and the three-layer
sandwich-like architecture.

3.1.1. Decorating nanoparticles on TMDs (NPs/TMDs)

Firstly, the plasmonic hybrid frameworks composed by
randomly dispersing NPs on the surface of TMDs (NPs/TMDs) are
introduced in Fig. 4. NPs are the most frequently used to generate
LSPRs due to their advances in various morphology, rapid synthesis,
high-throughput and low cost, and undoubtedly employed to form
plasmonic hybrids with TMDs [28,29,32]. In 2016, Cao et al. sys-
tematically studied the influences of the morphology of nano-
particles on the PL emission of MoS, [30]. A library of Ag
nanoparticles, including shape-controlled cubes (Ag NC), octahedra
(Ag OCT), and spherical particles (Ag SP) of various sizes were
employed to tailor the light-mater interaction. The optical images
of single Ag NC and Ag OCT covered MoS; are shown as an example
in Fig. 4(a)-i. The PL maps in Fig. 4(a)-ii clearly exhibited that the PL
intensity Ag NC and OCT are significant different from each other.
The PL for Ag NC/MoS; was enhanced by ~2 times, whereas the PL
for Ag OCT/MoS; was weakened to 50%, as shown in Fig. 4(a)-iii and
4(a)-iv. The quenching of PL for Ag OCT/MoS; can be attributed to
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the reduced quantum yield (0.2-fold) and collection efficiency
(0.26%) due to the poor directionality of high order plasmon modes.

Except dispersed nanoparticles, close-packed nanoparticles
were also used in the preparation of hybrid structure. Diefenbach
et al. proposed a hybrid structure in which monolayer Au-NPs were
decorated on the surface of monolayer MoS,, as illustrated in
Fig. 4(b)-i [33]. The close-packed Au-NPs arrays were formed by fast
evaporation of the Au-NP solvent that was dropped on a convex air-
water interface and subsequent convective flow (see Fig. 4(b)-ii),
then transferred to the Au-NP arrays on top of monolayer MoS; via
microcontact printing with a PDMS stamp. As presented in
Fig. 4(b)-iii, the PL intensity of MoS, was significantly enhanced by
a factor of up to 20 after decorated with Au-NPs.

Besides 0 D nanoparticles, 1D metallic nanorods and nanowires
(NW) were also selected to enhance the PL of TMDs [31,32,68]. Lee
et al. proposed a method of selectively amplifying the primary
exciton (Ag) among the exciton complexes in monolayer MoS, via
cyclic reexcitation of cavity-free exciton-coupled plasmon propa-
gation [69]. As exhibited in Fig. 4(c)-i, the plasmonic hybrid
framework was implemented by partially overlapping a Ag nano-
wire on a MoS; monolayer separated by a thin SiO, spacer. The PL
image in Fig. 4(c)-ii exhibits a strong red emission at the laser input
position (LIP) indicated by a green arrow and a weak but still
prominent emission at the NW-end position, implying that MoS,
excitons were coupled to SPPs and propagated along the NW.
Notably, the Ag was dramatically enhanced compared with that for
off NW, with an enhancement factor of ~20 (right panel in Fig. 4(c)-
ii). Fig. 4(c)-iii shows the normalized PL spectra that were decon-
voluted using a Lorentzian function. For on NW, only the A-peak
was observed, and full width at half maximum of ~50 meV
remained unchanged and independent of excitation power (Pex). In
contrast, for off NW, as Pex increased, the A-peak center position
redshifted considerably because the Ag dominates the A peak, and
the intensities of Ag and B increase.

Although diverse NPs have been synthesized by the chemical
method, physical method is another route to prepare NPs, which
have also been employed to enhance the PL emission of TMDs
[70—73]. By employing a focused micro-power laser beam, silver
NPs can be rapidly (in seconds) anchored onto the irradiated area of
MoS; flakes, forming 0D/2D AgNPs@MoS; heterostructures [71].

3.1.2. Transferring TMDs on nanoparticles (TMDs/NPs)

Besides directly dispersing NPs on TMDs, transferring TMDs on
the substrate with previously decorated NPs (TMDs/NPs) has also
been demonstrated to be a feasible strategy to fabricate plasmonic
hybrid nanosystems [74,75]. As illustrated in Fig. 5(a)-i, a hybrid
framework with the PL enhancement of 200 times was built by
transferring CVD-grown MoS; on Au NPs arrays [53]. As shown in
Fig. 5(a)-ii, the Au NPs with a diameter of 10 nm self-assembled into
a uniform sub-monolayer, with a density of 240 NPs pm~2. The
density of Au NPs can be increased by the PMMA-assisted wet-
transferring technique. As exhibited in Fig. 5(a)-iii, the PL intensity
enhancement did not monotonically depend upon the density of Au
NPs. Using Ag NWs network as plasmonic hybrid composite, the PL
of MoS; can be enhanced by 560 times [76]. Cai et al. demonstrated
the coupling of single localized defects in monolayer WSe; self-
aligned to the surface plasmon mode of a silver NW, in which an
average coupling efficiency with a lower bound of 26% + 11% was
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achieved [77].

Chemical synthetic methods are efficient in high-throughput
fabrication of plasmonic dimers [78], but suffer from poor control
over the assembly patterns due to aggregation of the colloidal
particles. In order to overcome this disadvantage of colloidal par-
ticles, Hao and co-workers fabricated a hybrid heterostructure by
transferring MoS; on patterned plasmonic dimers those were ob-
tained by utilizing porous AAO templates during angle-resolved
shadow deposition (see Fig. 5(b)-i) [79]. As the high resolution
SEM displayed in Fig. 5(b)-ii, the plasmonic dimers are with uni-
form size, well-defined orientation and sub-10 nm gaps. The PL
intensity from MoS,-dimers hybrid is enhanced by up to a factor of
~160 by resonant excitation of the dimer modes, as shown in
Fig. 5(b)-iii. The PL exhibited strong dependence on the polariza-
tion of incidence laser due to the strongly confined EM fields in the
vicinity of the dimer gaps.

In addition to linear polarized light, valley-dependent circular
polarized light (chiral light) can be modulated using a hybrid
plasmonic nanosystem. In 2019, Ding et al. proposed a type of
hybrid plasmonic structure to tune the valley polarized PL in
monolayer WS; [80]. Fig. 5(c)-i shows the scheme of the monolayer
WS, transferred onto the top of the plamonic crystals (PCs). The PCs
were fabricated by depositing Ag film on the closely packed silica
spheres with a diameter of ~425 nm (+5%), which were then coated
with a thin SiO, layer for protection. Fig. 5(c)-ii exhibits the SEM
image of the WS,/PC hybrid, but it was difficult to identify the
presence of WS, due to its ultrathin thickness. The PL helicity in
WS,/PC hybrid was sensitive to the excitation angle of the pump
beam, as shown in Fig. 5(c)-iii. This is contrast to that of the PL
helicity of bare WS,, which showed no change to excitation angles.

NPs prepared using physical methods have also been in TMDs/
NPs hybrid frameworks. A creation of strain induced single photon
sources using a WSe, monolayer on silver islands was reported
[81]. Quantum emitters were formed by hybridizing with Ag
nanoparticles on rough Ag films, in which emission was highly
linearly polarized, stable in linewidth, and decay times down to 100
ps were observed.

3.1.3. Integrating nanostructures on TMDs (NSs/TMDs)

Thirdly, utilizing advanced nanofabrication techniques, periodic
NSs have been feasibly fabricated on top of TMDs (NSs/TMDs)
[34,66,67,82]. The representative plasmonic hybrid nanosystems
constructed by fabricating NSs on TMDs is discussed in Fig. 6. Li
et al. proposed a hybrid structure in which periodic Ag nano-
antenna arrays were fabricated on MoS; surface, as presented in
Fig. 6(a)-i [35]. As shown in Fig. 6(a)-ii, the in-plane size of nano-
antenna was ~40 x 80 nm, and its height was measured
at ~ 35 nm by using AFM scanning. As displayed in Fig. 6(a)-iii, the
PL enhancement of the hybrid showed obvious polarization angle
dependence in addition to the intensity enhancement. The
maximum enhancement was approaching 10 times when the
incident polarization was of 6 = 0°.

It is well known that the resonance center of the plasmonic
nanoarrays can be tuned by adjusting the size, shape, and period of
the nanopatterns. Butun et al. fabricated nanodisc arrays on large
area CVD deposited monolayer MoS;, and modulated plasmonic
resonance of the nanodisc arrays by the varying the diameter of the
nanodiscs (see Fig. 6(b)-i) [83]. As presented in Fig. 6(b)-ii, PL for

Fig. 4. Enhanced PL of the hybrids composed by randomly dispersing NPs on the surface of TMDs (NPs/TMDs). (a) i: Dark-field optical microscope image ii: PL map image and iii: PL
of exfoliated 1L-MoS, deposited with single Ag NC and Ag OCT. iv: A; band intensity profile across the NC and OCT particles. Reproduced with permission [30]. Copyright 2015,
WILEY-VCH Verlag GmbH & Co. (b) i: Sketch of Au-NPs on top of a monolayer MoS,. ii: SEM image of an Au-NP array on a SiO,/Si substrate iii: PL spectra of a pristine MoS, and an
Au-NP-decorated MoS,. Reproduced with permission [33]. Copyright 2018, American Chemical Society. (c) i: Schematic of the experimental setup with a side view of the hybrid. ii:
(Top) Optical micrograph showing the LIP. (Bottom) PL image showing the collection position of the PL signal at the same LIP. (Right) PL spectra for on NW and off NW. iii:
Normalized PL signals as a function of Pex for on NW and off NW. Reproduced with permission [69]. Copyright 2015, American Physical Society.
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of a monolayer MoS, transferred onto the dimer arrays. ii: SEM image of the fabricated nanodimer array with suspending monolayer MoS,. The inset shows a high resolution SEM
image of the plasmonic dimers with sub-10 nm gaps. iii: Typical PL spectra from bare MoS,, the MoS,/monomer, and MoS,/dimers under polarized light parallel (90°) and
perpendicular (180°) to the dimers axis. Reproduced with permission [79]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. (c) i: Schematic of polarized PL experiment on the hybrid
of WS,/plasmonic crystal. ii: SEM image of a monolayer WS, on silica spheres coated with the Ag film. iii: Valley-polarized PL at different emission (8p.) and excitation angles (Oexc)-

Reproduced with permission [80]. Copyright 2019, American Chemical Society.

the nanodisc-MoS; hybrids were always greater than pristine
monolayers, of which the maximum intensity was achieved for
diameter of 130 nm, about 12 times brighter. Fig. 6(b)-iii displays PL
mapping under different excitation wavelength, clearly demon-
strating that the resonance center varied while changing the
diameter of nanodics.

It has been demonstrated that the dimer structure can signifi-
cantly enhanced the LSPR compared with an isolated nano-
structure, due to the extraordinary enhanced EM field in the
nanogap [47,84,85]. So different dimer patterns have been fabri-
cated and utilized to enhance the PL emission of TMDs [38,86]. As
displayed in Fig. 6(c)-i and 6(c)-ii, 50 nm thick silver bowtie arrays
with varying geometrical factors were patterned directly on the
MoS; flakes via EBL [38]. As presented in Fig. 6(c)-iii, the PL in-
tensity of bowtie-MoS, hybrid was enhanced by 40 times compared
with bare MoS,.

3.14. Covering TMDs on the nanostructures (TMDs/NSs)
Fourthly, different approaches have been developed to form
plasmonic hybrid heterostructure by placing TMDs on the NSs

previously fabricated (TMDs/NSs) in order to improve the PL
emission enhancement [87—89]. Najmaei et al. have successfully
fabricated a type of MoS;-nanoantenna hybrid by transferring CVD-
grown MoS; monolayer films on rectangular shaped nanoantenna
arrays, as illustrated in Fig. 7(a)-i and (a)-ii [34]. Using a tempera-
ture calibration procedure based on photoluminescence spectral
characteristics, the local temperature changes were able to be
estimated. The plasmonically induced MoS; temperature increase
is nearly four times larger than in the MoS; reference temperatures,
as shown in Fig. 7(a)-iii.

The PL emission efficiency of TMDs can be raised by strain en-
gineering, allowing their application in the quantum emitter, which
can be employed as bright nonclassical light sources for applica-
tions in quantum communication and optical quantum computing.
The giant PL enhancement in this kind of hybrid frameworks was
attributed to the Purcell effect and increased light absorption. Metal
nanopillars have been demonstrated to be a good candidate for
composing quantum emitter by introducing strain in TMDs own to
their high aspect ratio, in addition to their plasmonic enhancement
[90]. Cai et al. proposed a platform for quantum emitter near the
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image of nano-antenna arrays on MoS,. iii: PL spectra in Ag nano-antenna coated MoS, under excitation with different polarization angles 6, comparing with pristine monolayer
MoS;. Reproduced with permission [35]. Copyright 2016, Springer Nature. (b) i: Schematic representation of plasmonic nanodisc arrays/MoS, heterostructures. ii: PL intensity
comparison of selected points in each array. Inset shows the cross-section of the heterostructure. iii: PL emission 2D spatial maps at four different wavelengths of six varying
diameter nanodisc arrays. Scale bar is 25 um. Reproduced with permission [83]. Copyright 2015, American Chemical Society. (c) i: Scheme of the bowtie arrays on monolayer MoS;.
ii: SEM image showing the silver bowtie array directly patterned on well-defined, stacked triangular flakes of mono- and bilayer MoS,. The larger triangular flake of darker contrast
corresponds to a single layer and the smaller flake of lighter contrast to a bilayer. iii: PL spectra of bare MoS,, bowtie array and bowtie-MoS,. Reproduced with permission [38].

Copyright 2015, American Chemical Society.

high-field region of the plasmonic mode generated on the hybrid of
WSe; and nanopillars, as presented in Fig. 7(b)-i and 7(b)-ii [36]. Si
nanopillars were fabricated by inductively coupled plasma (ICP)
etched using template on Si substrate, followed with 10 nm thick
gold layer and a 6 nm thick Al,03 layer coated on top. Each nano-
pillar introduced a deformation in the atomically thin WSe; that
covered it, leading to the generation of strain-induced single de-
fects in close proximity to the plasmonic mode, as evidenced by the
PL intensity map exhibited in Fig. 7(b)-iii. Compared with bare
WSe,, the full width at half-maximum (FWHM) of this emitter was
much narrow, just about 0.55 nm. In addition to physical etching
methods, an AAO template-based sputtering method was intro-
duced by Yu et al. to fabricate the plamonic nanopillars/MoS;
heterostructure [91]. An Al,O3 barrier layer was fabricated on the
surface of Au nanoantenna film, and then the charge transfer from
Au nanopillars into MoS; were studied utilize femtosecond pump-
probe spectroscopy.

Besides the lift-off methods, physical etching on metal films are
also a rout to fabricate plasmonic nanopatterns to support TMDs

[92]. In 2016, Wang et al. reported a giant PL enhancement on the
hybrid of WSe,-nanotrenches [39]. As illustrated in Fig. 7(c)-i, CVD-
grown WSe, monolayer flakes was transferred onto a gold sub-
strate with nanotrenches. The width of nanotrenches was of
~12 nm as presented the SEM image in Fig. 7(c)-ii. As shown in
Fig. 7(c)-iii, the maximum PL enhancement was achieved at WSe;
on a nanostructure with the pitch of 200 nm. Under the 633-nm
pump laser wavelength which is close to the gap plasmon reso-
nance, the integrated PL intensity from WSe; on this gold nano-
structure was enhanced up to 20000-fold (after correcting for the
trench area fraction).

Apart from nanotrenches, nanohole arrays can be feasibly ob-
tained by physical etching method, and have been introduced to
boost the PL of MoS,, as illustrated in Fig. 7(d)-i [37]. The nanohole
arrays were fabricated using FIB on Ag film that was previously
sputtered on Si substrate. Fig. 7(d)-ii exhibits the optical image of a
MoS; triangular domain covering the Ag nanohole array with a
period of 450 nm.

In addition to the hybrid nanosystems composed by transferring
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MoS,-gold nanoantenna hybrid. ii: Top view optical microscopy image showing the region of MoS; coated and bare gold nanoantennas. iii: Temperature map obtained by converting
the PL peak wavelengths to temperatures in °C. Reproduced with permission [34]. Copyright 2014, American Chemical Society. (b) i: Scheme of the hybrid of WSe; on nanopillars. ii:
SEM image of a single plasmonic nanopillar covered by a WSe, monolayer. iii: Photoluminescence intensity map of arrays of plasmonic nanopillars covered by WSe, monolayer.
Scale bar: 4 pm. Reproduced with permission [36]. Copyright 2018, American Chemical Society. (c) i: Schematic of PL emission from a single crystal monolayer of WSe, flake on a
gold substrate. ii: SEM image of WSe, on square arrays with trenches. The scale bars in the main Fig. and the inset, 1 mm and 100 nm, respectively. iii: Experimental PL enhancement
factor and the simulated EFnXEFpr, respectively. Reproduced with permission [39]. Copyright 2016, Springer Nature. (d) i: Schematic view of a sample fabricated with MoS; flakes
transferred onto the hole arrays in silver film. ii: Photograph image of the MoS, flakes placed on hole arrays. Reproduced with permission [37]. Copyright 2018, Optical Society of

America.

TMDs on NSs, hybrids can also be achieved by directly growing
TMDs on NSs [93,94]. Recently, a facile approach was proposed to
successfully integrated few-layer MoS, on Au nanodiscs by sulfur
driven segregation of Mo from a preformed Mo—Au alloy nano-
structures [94].

3.1.5. Sandwich-like architectures (nanoscale metals/TMDs/mirror
metal layer or periodic nanostructures)
Lastly, the enhanced PL properties of the three-layer sandwich-

10

like hybrid heterostructures are discussed. Introducing an addi-
tional metal layer or nanostructures can form a nanocavity with
existing NPs (or NSs), in which SPPs generate at the metal-TMDs
interface, leading to the significantly enhancement of the PL
emission of TMDs [95,96].

The represented works based on the three-layer sandwiched
hybrids are shown in Fig. 8. Cheng and co-workers reported a Ag
NW-WS,-Ag film plasmonic system to enhance the PL emission,
and systematically studied the effects of spacer and crystalline of Ag



Y. Yang, W.G. liu, Z.T. Lin et al.

Materials Today Physics 17 (2021) 100343

a . ) c e
(@) (i) ii) optical image . () (i) (iii) 1.0
onNw b 7|
AgNW L —K7F =
[ AanW_] § \ S s
WS ssepiiase Spacer ( Sapphire g ’
A ‘___q"_\ wafer v 5
J “ws, .
i 2 Off NW 0.0
10 mm BT S Au mirror 600 900
Wavelength (nm)
(b) . (d) (i) (iii) 045

a N

LA
1660 nm

L=50 nm -

Ares =623.2 nm |

(i)

PL intensity (norm.
53

Wavelength (nm)

\

v N\, Ares =649.6 nm]|
MosS, crystal o,
. 0.0 s ”
. 1.0} | L=75 nm -
, Single nanocubes ]
o 05 ' Ares = 672.4 nm |
. / v \ . '
v & o 0.0 o
L — . 550 600 650 700 750 800

J

&
0.30} OQ;P 43%00

n.
0
5 o1sf 25% 000
®
N o
N o
§ 000f— Py —— -2
() E O “-20%0
1] (o)
k] -0.15} 0_25% o) 0
N
&
=) =3 8 -0.3010 o+/c- PL of MoS,
= = O o+ PL of MoS,-meta.
=g gy @ ¥ B
p I_' '_l '_l o oo P‘L ofMoS? meta.
- 650 660 670 680
id it i iR

Wavelength (nm)

\ J
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when monolayer MoS, is coupled to nanocavities with varying resonances. The plasmon resonance (rs) for each individual nanocavity is indicated by the arrow in each panel.
Reproduced with permission [63]. Copyright 2017, American Chemical Society. (c) i: Schematic of monolayer WSe, coupled to a plasmonic Au nanocube cavity array. ii: SEM image
of the Au nanocube array on a sapphire substrate. Scale bar, 2 p m. Inset, Magnified view of an individual Au nanocube. Scale bar, 200 nm iii: Simulated (dashed line) and measured
(grey solid line) plasmon resonance spectra together with the localized exciton spectrum (red solid line) of a typical quantum emitter directly induced by the Au nanocube into
WSe,. Reproduced with permission [44]. Copyright 2018, Springer Nature. (d) i: Schematic of MoS,-metasurface structure, where CVD-grown MoS, monolayer is placed into the
SiO-, layer, and sandwiched between chiral metasurface and Au film. ii: SEM image of metasurface array. Inset is the SEM image of metasurface unit. lii: Circularly polarized PL
spectra of MoS; and MoS,-metasurface. Reproduced with permission [101]. Copyright 2018, WILEY-VCH Verlag GmbH & Co.

mirror [43]. Fig. 8(a)-i illustrates a sectional view of the NW-WS;-
film composite. It is demonstrated that a 1-2 nm Al,O3 spacer can
effectively prevent PL quenching of WS,. As shown in Fig. 8(a)-ii,
the optical image presents the relative position of the Ag NWs with
respect to the WS, flake, and PL was collected on several specific
locations. For the composite on an epitaxial Ag film, the PL on NW
was ~2.1 times of that off NW.

Plasmonic nanocavities based on a film-coupled nanopatch
antenna were designed to tailor the PL emission of MoS;, in which a
1200-fold enhancement of the A exciton emission and a 6100-fold
enhancement of the B exciton emission were detected [63]. As
illustrated in Fig. 8(b)-i, the colloidally synthesized nanocubes have
a range of sizes, from 50 to 75 nm, were deposited on the CVD-
grown MoS; covered by a 1 nm polyelectrolyte adhesion layer.
MoS; was transferred on the substrate covered with a 5 nm Al;,03
and 75 nm gold film on top of a Si substrate. As the dark-field
scattering image exhibited in Fig. 8(b)-ii, the edges of MoS;
monolayer appeared as the blue outlines and the individual
nanocavity can be identified as a bright spot. The different colors of
the spots represented the varying resonances of each film-coupled
nanocube’s associated fundamental cavity mode. As exhibited in
Fig. 8(b)-iii, the peak emission wavelengths of the A and B excitons
can be tuned up to 40 and 25 nm, while the average nanocube size
of nanocubes increased from 50 to 75 nm. In recent years, shell-
isolated nanoparticles (SHINs) have been demonstrated to be
high performance in SERS [97]. After dispersing Ag SHINs on top of
the monolayer MoS, transferred on Au film, a PL enhancement of

1

110-fold was achieved [98].

Dispersing plasmonic nanocubes randomly onto a substrate
lacked spatial control and limited the coupling. Luo and co-workers
demonstrated a deterministic approach to achieve high Purcell
enhancement at lithographically defined locations using the sharp
corners of a metal nanocube for both electric field enhancement
and to deform a 2D material [44]. As illustrated in Fig. 8(c)-i, the
WSe, was separated from the Au cubes and the planar Au layer by a
2 nm Al,Oj3 spacer layer on each side to prevent optical quenching
and short-circuiting of the nanoplasmonic gap mode. Fig. 8(c)-ii
displays the SEM of the Au nanocube array with 2.5 p m pitch, in
which the flat-top cubes were of a near-unity aspect ratio with a
height of 90 nm and side length of 110 nm (see the inset). The
broadband response of the plasmonic mode was tailored to coin-
cide with the exciton emission wavelength (750—800 nm), as
depicted in Fig. 8(c)-iii. Utilizing nanocube corners to form vertical
plasmonic gap modes against a planar Au mirror, the PL was
enhanced by 13 times. It is demonstrated on this kind of quantum
emitters that the Purcell factors was up to 551 (average of 181),
single-photon emission rates was up to 42 MHz and a narrow
exciton linewidth was as low as 55 peV.

Utilizing a coupled spin and valley degree of freedom, semi-
conducting TMDs show prominent application prospect of valley-
tronics devices. Polarization-resolved PL has been demonstrated to
be a feasible tool to study and modulate the valleytronics property
of TMDs [99,100]. A type of meta-dielectric-metal plasmonic chiral
structure was developed by Li et al. to manipulate valley-polarized
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PL in MoS,-metasurface heterostructure [101]. As illustrated in
Fig. 8(d)-i, valley-polarized PL of MoS; was tailored with near-field
interaction under the excitation of specific circularly polarized
light. Fig. 8(d)-ii shows the SEM image of metasurface fabricated
using EBL. A metasurface unit is of the unit length L1, L2, and L3 of
400 nm, rod length of 190 nm, and rod width of 75 nm (see the
inset). Fig. 8(d)-iii exhibits polarized PL detection of MoS, mono-
layer and MoS,-metasurface under the excitation of left-handed
circularly polarized light (LCP, —) at 87 K. The intensity of c— PL
for MoS,-metasurface was significantly increased due to the
enhancement of EM near-field, while the intensity of right-handed
circularly polarized (RCP, 6+) PL was decreased accompanied by a
change in the spectral shape. The above observations were attrib-
uted to the interaction between the excitons and the chiral near-
field modes.

3.2. Enhanced reflectance and absorbance properties

Except the PL emission, other optical responds of TMDs, such as
reflectance and absorbance, can also be modulated through the
hybridization with plasmonic nanoscale metals, which are very
important criteria for the light harvesting efficiency in photoelec-
tric devices [38,82,102,103]. In addition, reflectance spectroscopy is
a feasible tool to investigate the strong coupling between plasmons
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and excitons, because a week coupling occurs for most of plasmonic
hybrid frameworks and can only enhance the PL emission. Fig. 9
presents several typical works based on plasmonic hybrid hetero-
structures with different architectures.

Strong coupling between plasmons and excitons in nanocavities
gives rise to the formation of hybrid plexcitonic states, inspiring
fundamental quantum science in nanoscale and potential applica-
tions in applications including optoelectronics [104—106]. Using a
single silver nanorod as a Fabry-Pérot nanocavity, Zheng and co-
workers realized strong coupling of plasmon in single nanocavity
with excitons in a monolayer WSe; [64]. As illustrated in Fig. 9(a)-i,
this plexciton system was fabricated by simply dropping cast and
spinning a metal nanorod onto a mechanically exfoliated WSe;
monolayer. Before depositing nanorods, an alumina layer of 3.2 nm
was deposited onto the WSe, to prevent direct contact to the
nanoparticle. Fig. 9(a)-iii and iv presents the dark-field scattering
spectra of the silver nanorod on and off WSe; layer, respectively, as
a function the thickness of alumina coating. One can see that the
surface plasmon energy Ep shifted across the exciton Eg of WSe;
clearly evidenced the strong coupling-spectral splitting in the
scattering spectra. Moreover, the resonant peaks were slightly
broader than those from bare nanorods because of the absorption
in WSe;.

When the hybrid plexcitonic states is produced, the wave
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function of detuning. Blue and red dots indicate experimental data extracted from scattering spectra. The solid lines are fits of the couple harmonic oscillator model. Black dots
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Copyright 2018, American Chemical Society. (c) i: Conceptual schematic of the proposed WS,/Ag plasmonic heterostructure on sapphire. ii: SEM image of one of the plasmonic
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SEM image of the WS, on top of the gold NH array. The inset shows a dark-field scattering image of the WS, monolayer after being transferred onto the gold NH array. iii: Measured
dark-field scattering spectra for the gold nanoholes (left panel) and monolayer WS,/gold NH hybrid (right panel). Reproduced with permission [112]. Copyright 2019, Elsevier Ltd.
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functions of the initial emitter and the electromagnetic mode in a
cavity are coherent superpositions [107]. TMDs, as the emitter with
high oscillator strength and a high exciton binding energy
[108,109], exhibit the potential for studying strong coupling with
larger Rabi splitting at higher temperatures. Han et al. proposed a
plasmonic nanocavity based on a three-layer hybrid composed of
Ag nanocubes, monolayer WS; and a silver layer, as illustrated in
Fig. 9(b)-i, which can produce a large Rabi splitting at room tem-
perature [65]. The hybrid plasmonic nanocavity was composed of
individual silver nanocubes and a silver film. Monolayer WS; and a
spacer film (Al,O3) were embedded in the gap, as shown in
Fig. 9(b)-ii. As presented in the dark-field scattering image, the
boundary of the WS, monolayer appeared a blue outline and
monodispersed silver nanocubes were indicated by small bright
spots. The surface plasmon resonance (SPR) of the nanocavity can
be tuned by controlling the thickness of nanogap and the size of
silver nanocubes, which allows to successively adjusting the SPR to
accurately match the exciton energy of WS, monolayers. Splitting
took place in the scattering spectra, in which the high and low
energy branches (HEB and LEB) were fitted, as presented in
Fig. 9(b)-iii. A large Rabi splitting of ~145 meV was obtained in the
hybrid nanostructures, as indicated by the green arrow.

The periodic metal nanostructures are good candidates for
fabricating plasmonic hybrid heterostructure because the reso-
nance center can be tuned easily by adjusting the size, shape, and
period of the nanostructures [110,111]. A TMDs/NSs hybrid heter-
ostructure was developed by Butun et al. to study of the modulated
absorption properties of WS, [110]. As illustrated in Fig. 9(c)-i, the
hybrid heterostructure was composed of periodic nanodisks and a
monolayer WS, on sapphire substrate. The contrast difference be-
tween the WS, film and the sapphire surface can be seen in the SEM
image in Fig. 9(c)-ii. Fig. 9(c)-iii presents the FDTD simulations of
hybrid heterostructure as a function of nanodisk diameter. An
enhancement more than 4-fold was achieved in the absorption of
WS, films for 100 nm diameter nanodisks. An asymmetric feature
resembling Fano line shape appeared in the reflection spectra of the
bowties-MoS, hybrid, which was attributed to the decreased
damping of MoS;, excitons interacting with the plasmonic reso-
nances of the bowtie arrays at low temperatures [38].

In 2019, the resonance plasmon-exciton coupling was studied
on a TMDs/NSs system by integrating monolayer WS, with an in-
dividual nanohole (NH), in which a Rabi splitting exceeding
162 meV was achieved at room temperature [112]. As shown in
Fig. 9(d)-i, the NHs were fabricated using FIB on 10/100 nm Ti/Au
film deposited a Si substrate. The size of the NH can be customized
with the diameter varied between 50 and 300 nm, as shown in
Fig. 9(d)-ii. The NH can exhibit strong light scattering intensity after
capped with the momolayer WS; flake (see the inset in Fig. 9(d)-ii).
Compared with bare NH, the scattering spectra of the hybrid WS,/
Au NH exhibited mode splitting, which was characterized by two
broad resonances separated by a scattering dip, as shown in
Fig. 9(d)-iii. Such a mode splitting behavior indicated the resonance
coupling between the LSPR and WS, exciton to occur.

3.3. Enhanced Raman spectra

As we know, nanoscale metals have been widely employed in
surface enhanced Raman spectroscopy (SERS) studies to detect the
low concentrated analyte molecules absorbed on the surface of
nanoscale metals. As a result, the enhancement of the intrinsic
Raman spectra of TMDs were observed while study the enhanced
optical properties of the TMDs-nanoscale metals hybrids
[29,37,38,70,79]. In addition, some research work have specially
focused on the SERS of TMDs due to the plasmonic hybridization
[113,114], and the typical results have been summarized in Fig. 10.
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It is well known that the detection sensitivity for SERS depends
crucially on the size and shape of NPs. In 2016, Zhang et al. sys-
tematically studied the effect of the distribution of the metal NPs on
the SERS of WS, and MoS; based on NPs/TMDs hybrids, as illus-
trated in Fig. 10(a)-i [115]. When the nominal thickness was
increased from 1 nm to 10 nm, the morphology of Ag NPs was
modified. As presented in Fig. 10(a)-ii, Ag NPs were separated but
elongated and Ag NPs with multiple axes emerge for 5 nm thick Ag
NPs. After growing Ag NPs on top of monolayer WS, an increase in
the intensity of the Raman modes was clearly observed, as shown in
Fig. 10(a)-iii. The intensity of 2LA(M) mode was enhanced by a
factor of 3. The highest enhancement took place at the 5 nm thick
Ag NPs.

Due to due to colloidal agglomeration of NPs produced by
chemical recution method, it is difficult to control uniform size and
distribution of NPs on the surface. Yang and co-workers developed
a Ag/WS; hybrid structure by transferring monolayer WS on large-
area periodic Ag nanoprism array prepared using the nanosphere
lithography (NSL) method [116]. As illustrated in Fig. 10(b)-i, a
50 nm thick Ag film was thermal evaporated on a monolayer of
hexagonal closed package polystyrene nanospheres. After ultra-
sonic cleaning in ethanol, the upper metal film was lift-off, even-
tually leaving triangular Ag nanoprism arrays on the substrates. As
the AFM image in Fig. 10(b)-ii displayed, the side length of Ag
nanoprism was 85 nm. The Raman spectrum of the WS; on Ag
nanoprisms was obviously enhanced, as presented in Fig. 10(b)-iii.
The intensity enhancement factors for the Ep¢; and Az modes were
3 and 4, respectively.

Although the nanogap structure has been demonstrated the
ability for plasmonic enhancement, quantitative probing the
quantum-limited plasmonic enhancement in nanogap remains a
challenge. In 2018, a sandwich-like hybrid of MoS; spaced
nanoparticle-on-mirror (MoS,-NPOM) system was proposed to
measure the plasmonic enhancement in the gap by quantitative
SERS [117]. As illustrated in Fig. 10(c)—i and 10(c)-ii, the gap dis-
tance of the MoS,-NPOM was precisely tuned by the number of
layers of the MoS; interlayer in intervals of 0.62 nm. The TEM im-
ages in Fig. 10(c)—ii clearly show a subnanometre gap in MoS;-
NPOM structure. Fig. 10(c)—iii displays the Raman spectra obtained
from a 1L MoS; on quartz, a 1L MoS; on ultrasmooth gold film and a
1L MoS,-NPOM with a 32-nm-thick Al,03 surface coating. Both the
A1g and A’1g modes were greatly enhanced in the MoS,;-NPOM,
whereas the intensity of Aj; mode was approximately two orders of
magnitude higher than that of A] g mode.

Besides regular Raman spectra of TMDs, chiral Raman signal can
be also tuned by plasmoic nanoscale metals. Recently, the high-
fidelity routing of a chiral Raman signal into propagating surface
plasmon polaritons along a silver NW based on spin-orbit inter-
action of light was reported by Guo et al. [118]. As illustrated in
Fig. 10(d)-i, the plasmonic hybrid was consisted of a single NW
about 7.42 pm and multilayer WS;. A circularly polarized (CP) laser
with wavelength centered at 633 nm was focused on the WS; re-
gion near the NW. The incident photons undergo an inelastic
Raman scattering process with retaining the CP states, which
generated phonons in WS, and SPPs on the NW. As presented in
Fig. 10(d)-ii, quantitative control over the Raman sorting was ach-
ieved by continuously rotating a quarter-wave plate (QWP). The
position-dependent kexp reached a highly asymmetric and direc-
tional fashion (+0.4). This work extended the spin-orbit interaction
of light to the Raman scattering regime and proposed a new
perspective for the remote readout of local optical chirality,
helicity-related directional sorting, and quantum information
processing.

In addition to the plasmonic modulated Raman signal, hot
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Fig.10. Enhanced Raman scattering by plasmonic hybrids of TMDs-nanoscale metals. (a) i: Schematic drawing of the experimental setup for the SERS measurements of WS. ii: SEM
image of 5 nm nominally thick Ag NPs on monolayer WS,. iii: Raman spectra of monolayer WS, with and without 5 nm Ag NPs on top. Reproduced with permission [115]. Copyright
2016, Springer Nature Limited. (b) i: Schematic illustration of the fabrication process of Ag nanoprism array. ii: AFM picture of Ag nanoprism array. iii: Raman spectra of the
monolayer WS, on and off the optimized Ag nanoprism array. The inset shows the optical image of as-transferred monolayer WS, onto the optimized Ag nanoprism array with a
boundary. Reproduced with permission [116]. Copyright 2020, Elsevier B.V. (c) i: Schematic and ii: high-resolution TEM images of a 1L MoS,-NPOM cross-section in its nanocavity
region. iii: Raman scattering spectra of a 32-nm-thick Al,05 coated 1L MoS,-NPOM, a 1L MoS; on ultrasmooth gold film and on quartz, respectively. Reproduced with permission
[117]. Copyright 2018, Springer Nature Limited. (d) i: [llustration of the configuration and mechanism of the plasmonic hybrid. CP incident photons () undergo Raman scattering by
WS,. ii: Evolution plots of the directional coupling efficiency as a function of QWP. Reproduced with permission [118]. Copyright 2019, American Physical Society.

electron induced phase transition from 2H phase to 1T phase was
observed in the hybrid of Au NPs/MoS, using Raman spectroscopy
[119].

3.4. Nonlinear optical properties

TMDs have been demonstrated to offer extraordinary nonline-
arity, and the researches on the application of the hybrids of TMDs-
metasurface on the modulation of the nonlinearly optical proper-
ties of TMDs increased fast in recent years [120,121]. Photonic
metasurfaces, a type of two-dimensional array of subwavelength-
spaced optical nanoantenna, enable to tailor the electromagnetic
response with unprecedented manipulation over the fundamental
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properties of light emission of TMDs, i.e. phase, amplitude, spin and
polarization [122]. It is found that all the reported plasmonic hy-
brids used for studying the nonlinearly optical properties were
based on the architecture of TMDs/NSs. Chen and co-workers
presented a new type of nonlinear hybrid metasurfaces for the
visible region, which consists of a single layer WS, and a phased
gold nanohole array [123]. The magnitude of second-harmonic
generation (SHG) was enhanced at least 2 orders.

A hybrid nanostructure constituted by transferring a monolayer
WS, on the Au metasurface was proposed by Hu et al. which
enhanced and manipulated the nonlinear valley-locked chiral
emission of WS, at room temperature [124]. As presented in
Fig. 11(a)-i, single-layer WS, sited on top of a Au metasurface.
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Reproduced with permission [125]. Copyright 2018, WILEY-VCH Verlag GmbH & Co.

Following the introduction of incident linearly polarized light (|0,
w>), the synthetic structure can yield large SHG from the valley
band of the WS; and split opposite spin components of the second-
harmonic valley photons (|+, 2w> and |-, 2w>) into different di-
rections. Arrays of rectangular nanoholes arranged in a hexagonal
lattice were fabricated by using FIB milling, as exhibited in
Fig. 11(a)-ii. The plasmonic metasurface can enhance the nonlinear
process responsible for SHG owing to the large plasmonic field
localization around the nanoholes. The Au metasurface imposed a
chirality-dependent Pancharantnam—Berry phase gradient, which
arises from the photonic spin—orbit interaction, to the
fundamental-frequency light. This gradient pumped the coherent
SHG process and, consequently, steered nonlinear chiral photons
emitted from different valleys in different spatial directions, as
presented in Fig. 11(a)-iii.

In 2018, a dramatic enhancement (~400) of the SHG emission
was achieved from monolayer WS, incorporated onto a 2D Ag
nanogroove grating with subwavelength pitch [125]. Fig. 11(b)-i
presents the schematic drawing of the WS,-plasmonic hybrid
metasurface structure for 2D plasmonic enhancement and
manipulation of optical nonlinearity in monolayer WS,. 60 nm-
width V-shaped nanogrooves were milled by using a FIB on single-
crystalline Ag plates synthesized on an indium tin oxide (ITO)-
coated glass substrate. Fig. 11(b)-ii presents the SEM images of the
obtained Ag nanogrooves. As exhibited in Fig. 11(b)-iii, a weak SHG
signal was observed on the Ag grating structure, whereas the SHG
intensity was greatly enhanced by 400 times for the hybrid
WS,—Ag nanogrooves.

Except noble metal nanostructures, other metal nanostructures
were attempted to be employed in SHG. Recently, Guo et al. pro-
posed a hybrid structure composed of monolayer WS, and
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aluminum (Al) plasmonic vortex metalens for chiral second-
harmonic generation [126]. The enhanced chiral SHG conversion
efficiency was designed at the C-exciton, which originates from the
plasmonic vortex field-enhanced SHG under the optical spin—orbit
interaction.

4. Devices applications based on plasmonic hybrids

Due to the extraordinary enhanced optical properties of the
TMDs-nanoscale metals hybrid nanosystems, the potential appli-
cations are of growing interest in many fields as highly compacted
light emitting devices, photodetectors in the visible and NIR range,
THz devices and photocatalysis devices.

4.1. Photodetector in the visible range

Most of TMDs-based photodetector are employed for the visible
light range due to the electronic bandgap energy of TMDs lying in
the range of 1-2 eV. A photodetector based on TMDs/NPs hybrid
consisting of a 1L-MoS; on top of Ag NW network, onto a trans-
parent glass substrate, was developed by Bang and co-workers, as
shown in Fig. 12(a)-i [76]. The long Ag NW (>35 pum) of an average
diameter of 35 nm were synthesized by reduction methods.
Fig. 12(a)-ii shows a dark field image of a hybrid photodetector
fabricated using a 1L MoS; with Ag NW density of 60%. By hy-
bridizing 1L-MoS; on Ag NW network, the overall photocurrent of
photodetector was observed to be 250 times better than that of the
pristine 1L-MoS; photodetector, as demonstrated by Fig. 12(a)-iii. In
addition, the photoresponsivity and photodetectivity of the hybrid
photodetector were effectively improved by a factor of ~1000.

Except the hybrids fabricated using the NPs synthesized using
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(b) i: Schematic view of the nanoparticle grating/MoS, hybrid photodetector. ii: SEM images of the monolayer MoS, photodetector combined with nanoparticle grating. The width
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Photocurrent—time response of the monolayer MoS, photodetector, the one with Nanoparticle I and nanoparticle grating. Reproduced with permission [129]. Copyright 2020,
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Copyright 2015, Wiley-VCH Verlag GmbH & Co. (d) i: Schematic drawing for a MoS, photodetector. ii: Optical image of the same MoS, flake with Ag SHINs iii: Power-density-
dependent photocurrent of a MoS, photodetector before and after dropping the Ag SHINs. Inset: The time response of a gap-mode plasmon-enhanced MoS, photodetector.

Reproduced with permission [98]. Copyright 2018, WILEY-VCH Verlag GmbH & Co.
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chemical methods on top of TMDs [127,128], directly depositing
NPs on top of TMDs using physical methods were also adopted in
the application on photodetector [70,129,130]. In 2020, Li et al.
developed a NPs/TMDs photodetector incorporated monolayer
MoS, with a grating-patterned nanoparticle structure that was
fabricated using traditional photolithography together with an
annealing step [129]. Briefly, a 5 nm thick Au grating was first
fabricated through a lift-off process, and a second Au film with the
same thickness was subsequently deposited to form a grating with
alternating thicknesses (5 nm/10 nm). After annealing the film at
700 °C for 60 min, a grating shaped nanostructure assembled with
the Nanoparticle I and Nanoparticle Il was acquired. Then the ob-
tained nanoparticles were transferred onto MoS;, and the D/G
sources are fabricated on the hybrid for device, as expressed in
Fig. 12(b)-i. Fig. 12(b)-ii presents the SEM images of the Au nano-
particle grating/MoS, hybrid, in which the nanoparticle grating
firmly stuck onto the underneath MoS, and SiO, films in the
enlarged view. The current—time responses of the four types of
photodetectors, namely, bare MoS; and MoS; with Nanoparticle I,
Nanoparticle II, and nanoparticle grating, were measured under a
532 nm illumination. As shown in Fig. 12(b)-iii, the photocurrent
for the nanoparticle grating-based devices increase is nearly 30
times larger than that of the devices with Nanoparticle I coatings
and 111 times of bare MoS.

To evaluate the plasmonic enhancement on the photocurrent
response between NPs and NSs, the few-layer MoS; phototransistor
integrated with periodic Au nanoarrays was fabricated and
compared with that decorated with Au nanoparticles [130]. As
illustrated in Fig. 12(c)-i, the S/D electrodes and periodic Au
nanoarray are defined by EBL, metallization, and lift-off processes.
As exhibited Fig. 12(c)-ii, the Au nanoarrays deposited onto the
MoS; phototransistor were quite uniform. The inset of Fig. 12(c)-ii
shows the well-defined Au nanoarrays with 160 nm width, 180 nm
length, 50 nm height, and 300 nm period. The MoS; phototransistor
with Au nanoarrays has an overall 3 times higher photocurrent
than those without Au nanoarrays, as shown in Fig. 12(c)-iii. In
contrast, a just twofold increase was obtained on the MoS; pho-
totransistor deposited with 4 nm thick Au nanoparticles.

Remarkably, a three-layer sandwiched hybrid system was also
employed in photodetector base on a gap-mode plasmon-
enhanced monolayer MoS; device integrated with Ag SHINs [98].
As illustrated in Fig. 12(d)-i, the Cr/Au circular array with a diameter
of 5 um and a spacing of 5 um was firstly prepared on SiO,/Si
substrate by standard photolithography and the lift-off process.
Then, CVD-grown h-BN and MoS, were transferred on the Au
patterns, followed with deposition of Ag electrodes onto MoS;.
Finally, Ag SHINs with a diameter of 80 nm were dropped onto the
MoS;. In the optical image shown in Fig. 12(d)-ii, one can see that
the Ag SHINs aggregated on MoS; rather than dispered on it . The
power dependence of the photocurrent is displayed in Fig. 12(d)-iii.
The photocurrent of the photodetector increases dramatically after
dropping Ag SHINSs. Specifically, the photocurrent can be increased
by 882% (from 76 to 670 nA at 10 V) at the incident power density of
466 W m~2, and the photoresponse can be improved from 32.6 to
2875 AW~

4.2. Photodetector in the NIR range

Except the photodetector applied in the visible range, TMDs
have been extended to the near infrared range by the hybridization
with nanoscale metals [131—133]. Different from the visible pho-
todetectors, the plasmonic hybrid nanosystems applied in NIR
photodetectors are in double-layer architecture.

Due to the limitation of the intrinsic bandgap of semi-
conductors, individual WS; and MoS; have no response to infrared
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light. Wang and co-workers developed an NIR light (1030 nm)
photodetectors fabricated based WS;/MoS, heterostructures, of
which the responsivity was significantly enhanced by integrating
with Au NPs [133]. As illustrated in Fig. 13(a)-i, after covered with
Au NPs, the photodetector have high optoelectrical respond in
visible-NIR range. The few layers WS,/MoS, heterostructures were
fabricated via mechanical exfoliation and target-transfer tech-
niques. 22 nm Au NPs were synthesized using AAO template and
then transferred onto the surface of WS,/MoS, devices by wet
transfer method. As shown in the SEM image of Au NPs decorated
WS, /MoS; heterostructure photodetector (see Fig. 13(a)-ii), the Au
NPs has been uniformly dispersed on heterostructures surface.
Fig. 13(a)-iii showed the on/off cycle test under 1030 nm light
before and after Au NPs covering. The responsivity was enhanced
by 25 times, suggesting a promising future application for high-
performance infrared light photodetection.

By tuning the plasmonic nanostructures, the optoelectronic
properties of 2D TMDs can be enhanced even beyond the bandgap
of TMDs. In 2019, a broad spectral range (UV-visible-NIR) photo-
detector was integrated by fabricating Pt nanostrips on bilayer
MoS,, as presented in Fig. 13(b)-i [131]. The MoS; was transferred
onto the SiO,/Si substrate by using scotch tape method. Then, the
source and drain electrical contacts, followed with the deposition of
Pt nanostrips of width 590 nm and height 60 nm were deposited
using FIB. Fig. 13(b)-ii presents the SEM image of the obtained
plasmonic device. The detection sensitivity towards incoming NIR
980 nm laser light is shown in Fig. 13(b)-iii. The sudden increase
and decrease in photocurrent, as shown by the arrows, indicate the
switching on/off of the NIR light. A linear increase in the magnitude
of the photocurrent rise as a function of laser light density was
observed as shown in the inset. What is more, this device has been
demonstrated a sensitivity to UV and visible light.

Utilizing a TMDs/NSs hybrid architecture, it was demonstrated
that a sub-bandgap photocurrent can originate from the injection
of hot electrons into MoS; as well as photo-amplification that yields
a photogain of 10° [54]. As presented in Fig. 13(c)-i, the nonresonant
wires (NRWs, color coded with green) are narrow such that the
resonance modes are outside the wavelength range of the mea-
surement, while the resonant wires (RWs, color coded with yellow)
have antennas with a dipolar resonance at 1250 nm when illumi-
nated with the electric field oriented along the y-direction. Au
structures were first defined on a cleaned quartz substrate using
EBL and deposition of 2 nm Ti and 15 nm Au films. ME bilayer MoS;
was then transferred on top of the Au structures using a stamping
method. Fig. 13(c)-ii presents the obtained hybrid MoS; NIR
photodetector. The change of photoresponsivity as a function of
source—drain voltage Vsq under illumination with a 150 nW Ey
polarized 1070 nm laser is presented in Fig. 13(c)-iii. The mea-
surements show increasing responsivity with increasing Vsq and a
peak responsivity of 4.5A/W at 3 V bias, which is far above similar
silicon-based hot electron photodetectors in which no photo-
amplification is present.

4.3. THz devices

Graphene has been demonstrated as a good candidate for the
room temperature THz devices because of its gapless band struc-
ture and high carrier mobility [134]. In contrast, TMDs are rarely
employed in THz devices due to their optical bandgap in the range
from UV to NIR. Although the ultrafast response time of photo-
conductivity (~ps) leads to great potential for highspeed THz de-
vices [135], very few TMDs based THz devices were reported. So far,
the reported hybrid THz devices are fabricated based on the TMDs/
metasurface architecture.

An all-optical switching and modulation of micrometer scale
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structures based photodetector covered with Au NPs pattern, inset shows the corresponding optical image of photodetector. iii: Comparison of on/off cycle stability test with and
without Au NPs under 1030 nm light. Reproduced with permission [133]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. (b) i: Schematic of the Pt nantostrips/MoS, device. ii:
False-color image of the MoS, device after deposition of Pt nanostrips iii: Time-dependent photocurrent measurements under exposure to different NIR light intensities. The inset is
the linear fit relation of the measured photocurrent and the incident laser power. Reproduced with permission [131]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. (c) i:
Schematic of the asymmetric plasmonic device. ii: Microscope image of the device with bilayer MoS, on top of the thin Au structures. iii: Photoresponsivity as a function of
source—drain voltage (Vsq) measured at 1070 nm under E, polarization. The inset shows the source—drain current (Isq) as a function of Vs under illumination and in a dark
environment. Reproduced with permission [54]. Copyright 2015, American Chemical Society.

sub-wavelength Fano resonator was developed by Srivastava et al.
[136]. Fig. 14(a)-i shows the graphical representation of the MoS,-
coated terahertz symmetric split ring (TASR) metamaterial sample
illuminate by a terahertz probe beam and femtosecond optical
pump beam. The TASR metamaterial was fabricated sing the
photolithography process on quartz substrate. MoS, film was
coated on the metamaterial using drop casting technique, as pre-
sented in Fig. 14(a)-ii. The transient dynamics of MoS, were studied
for different pump fluences ranging from 63.5 pJ cm™2 to
254 pJ cm~2, As shown in Fig. 14(a)-iii, a lifetime of the timescale of
hundred picoseconds was achieved at moderate excitation pump
fluences, implying the application in ultrafast switching resonator.

In 2020, Hu and co-workers proposed a type of ultrafast optical
modulators composed of CVD-grown WSe, multilayer and
plasmon-induced transparency (PIT) metasurfaces, which achieved
the transmission amplitude modulation as high as 43% and the
slow light switching up to 6 ps in the THz regime [137]. Fig. 14(b)-i
illustrates the schematic architecture of the WSe;/metasurfaces
hybrid THz device. An array of coupled resonators between sym-
metry breaking split ring resonators SRRs and CRRs were adopted
to realize to PIT resonance when excited by the incident THz wave.
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The passive metasurface generates the PIT window with enhanced
sensitivity of external perturbations, and the top-covered WSe;
layers acted as a photo-active medium to realize ultrafast modu-
lation speed. The arrays of PIT structures were fabricated using
standard UV photolithography on a z-cut silica substrate. A large-
scale CVD grown WSe; multilayer directly adheres to the PIT
metasurface layer with the aid of a wet transfer method. The hybrid
structure of multilayer WSe,-metasurface was exhibited in
Fig. 14(b)-ii. If the device could be employed in the aspect of ul-
trafast slow light switches, the group delay of the metasurface can
be actively modulated at an ultrafast speed. As presented in
Fig. 14(b)-iii, the group delay modulation of the device exhibited an
ultrafast switching speed within 8 ps.

4.4. Photocatalysis device

In addition to the optoelectronic devices, the plasmonic hybrids
have been widely employed in photocatalysis. From the viewpoint
of applications, the solution-processed hybrid of NPs/2D materials
have been widely used in plasmon-enhanced photocatalytic re-
actions due to the large specific surface area. In recent years, some
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Fig. 14. THz devices in the visible range based on hybrids of TMDs-nanoscale metals. (a) i: An artistic illustration of the MoS, drop casted on MoS,-TASR hybrid under the illu-
mination of the optical pump and THz probe pulses. ii: Optical microscopy images of the TASR samples with drop-casted MoS, layer. iii: Experimentally measured photo-carrier
relaxation dynamics (black line) of the drop-casted MoS; film on a quartz substrate performed using the OPTP measurements at excitation pump fluence 254 i cm~2 along with the
corresponding biexponential decay fitting (red line). Reproduced with permission [136]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. (b) i: An artistic illustration of the 2D
TMDCs-covered PIT metasurface under femtosecond optical pumps. ii: Optical image of the hybrid metasurface covered by a WSe, multilayer with 40 nm thickness. Scale bar, 20 um

iii: Experimental measured group-delay spectra map of the metasurface against pump-probe time delay. The pump fluence was fixed at 800 yJ cm 2. Reproduced with permission
[137]. Copyright 2019, Elsevier Ltd.
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Fig. 15. Photocatalysis devices based on hybrids of TMDs-nanoscale metals. (a) i: Illustration of hot electron assisted MoS; catalysis in HER. ii: TEM image of Ag@Au nanorattles. The
diameter and the length of the Ag core are about 20 and 80 nm, respectively, and the thickness of the Au shell is 10 nm iii: H, production as a function of time for the MoS,
monolayers deposited with Ag@Au nanorattles under 690 nm laser excitation and in the dark environment. The H, gas was measured by gas chromatography, and the cell was
purged with argon before the operation. Reproduced with permission [58]. Copyright 2015, the Royal Society of Chemistry. (b) i: schematic cross-sectional view of the QGP
structure; ii: SEM image for the Taguchi-optimized QGP structure iii: HER polarization curves of Au, MoS,, and MoS,@Au with and without illumination recorded at the scan rate of
5mV s~ in 0.5 m H,S0,. Reproduced with permission [96]. Copyright 2018, WILEY-VCH Verlag GmbH & Co.
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researchers have proposed the plenary hybrids of nanoscale
metals/TMDs for the application in photocatalysis devices because
of the strong plasmon-exciton coupling induced by the LSPR
generated on nanoscale metals.

Owing to plasmonic induced hot electron doping, the CVD-
grown monolayer MoS, with deposited Au@Ag nanorattles effec-
tively enhanced the hydrogen evolution reaction (HER) efficiency
[58]. The mechanism of plasmon-enhanced MoS, photocatalysis is
illustrated in Fig. 15(a)-i. Plasmonic hot electrons generated from
the Au-coated Ag (Ag@Au) nanorattles decorated MoS, monolayer.
The 2H-to-1T phase transition makes the MoS, catalytic HER
property dramatically improved and results in the effective pro-
duction of hydrogen (H). The nanorattles with a core/shell struc-
ture are clearly shown in Fig. 15(a)-ii. The Ag core was 20 nm in
diameter and 80 nm in length, and the thickness of the Au shell was
about 10 nm. With 690 nm laser illumination, the device continu-
ously produced H;, which was about 1.35 pmol/h and much higher
than the 0.3 pmol/h for the same experimental conditions but
without laser excitation, as shown in Fig. 15(a)-iii.

A type of quadrupole gap plasmons (QGPs) using sandwich-
liked architecture was proposed and applied in HER due to its
accelerated electron injection process which is faster than the
electron—hole pair recombination [96]. The optimized QGP struc-
tures were fabricated by the EBL process. Then, chemical vapor
reaction (CVR)-grown bilayer MoS; was transferred to the QGP
substrate via the soft-liftoff transfer process. As illustrated in
Fig. 15(b)-i, a distinct nanogap was present between the antenna
and the reflective mirror layer by depositing a 20 nm MgF; film,
which experiences multiple reflections from the antenna termi-
nations, forming GSPs, and resulting in a strong field enhancement.
The SEM image shows the uniformly fabricated dipole antenna
array (Fig. 15(b)-ii). The photocatalytic behavior of different sam-
ples toward the HER with and without light illumination was pre-
sented in Fig. 15(b)-iii. In contrast to bare bilayer MoS;, MoS,@Au-
QGP structures exhibit enhanced HER activities with negligible
variation in performance for Pt and graphite as counter electrodes.

5. Conclusion and outlook

In this review, we have addressed the architecture, mechanisms,
enhanced optical properties and application device variants of
TMDs-nanoscale metals hybrid nanosystems. As the light absorp-
tion of monolayer TMDs are lower than 10%, the main aim of the
plamonic hybridization process is to enhance the ability of light
harvest. Taking advantage of the sophisticated chemical synthesis
methods and advanced nanofabrication techniques, plasmonic
hybrid frameworks composed of 2D TMDs and nanoscale metals
witnesses a boosting development recently, empowering a broad
range of applications in optoelectronic devices.

In Table 1, we list and compare the typical architectures of
TMDs-nanoscale metals hybrids. From the viewpoint of fabrication,
the complexity of the plasmonic hybrids mainly depends on the
fabrication methods for the nanoscale metals. The NPs are normally
synthesized using chemical methods with a high yield. NPs of
different morphologies have been feasibly obtained by controlling
the synthesis parameters, and are normally randomly dispersed on/
underneath TMDs. NSs are fabricated using physical methods,
mostly depend on nanofabrication techniques, they exhibit higher
controllability, reproducibility and large-scale periodicity
compared with NPs. These advantages could be attributed to the
advanced nanofabrication techniques, which in turn, would lead to
high costs for the NSs. Placing the NPs or NSs under TMDs is
complex than deposition NPs or NSs on the surface of TMDs,
because an additional transferring process is needed.

In previous reports, only the semiconducting TMDs (MoS,, WS,
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MoSe; and WSe;) have been used in the fabrication of plasmonic
hybrids, as presented in Table 1. Although efficient transfer tech-
niques have been developed [138,139] and applied to stack 2D
TMDs toward plasmonic heterostructures, small amount of wrin-
kles, contamination still cannot avoid. Thus, realizing large area
transfer and keeping high quality are still the obstacles, hindering
their functionalities and the application potential in large-scale
processes.

PL emission is one of the basic optical properties of semi-
conducting TMDs, so the PL enhancement factor (EF) is a very
important criterion to evaluate the plamonic enhancement of the
TMDs-nanoscale metals hybrids. It is noteworthy that the PL EF for
the hybrid frameworks composed by stacking TMDs on nanoscale
metals is much higher than their counterparts that decorated with
nanoscale metals on the surface of TMDs. The reported highest EF
for TMDs/NSs is 1810 for the WSe;/Au nanotranches hybrid
(Ref. [39]), while the highest EF for TMDs/NPs is 560 for the MoS;/
Ag nanowires bundles (Ref. [76]). For the aspect of light emission
range, the applications of plasmonic hybrids are mostly focused on
the visible-NIR range because of the specific optical bandgap of
TMDs.

In terms of application in devices, the architecture of TMDs/NSs
covers the most widely domains of devices, from light emitter,
photodetector to THz devices. By involving strain engineering,
TMDs/NSs hybrid heterostructures exhibited potential application
in the quantum light emitter [36,89,90]. Remarkably, all the re-
ported THz devices were fabricated using the TMDs/NS architec-
ture. Although TMDs exhibited extraordinary nonlinearly optical
properties after hybridized with metasurface, their application in
devices is not reported yet. The TMDs/metasurface frameworks
have proposed a root for room-temperature and free-space
nonlinear, quantum and valleytronic nanodevices. It is worthy to
note that the sandwich-like architecture of NPs/TMDs/metal film is
not employed in the device applications, although it stimulates
high PL EF.

Despite the considerable progress and extraordinary application
so far, there is still plenty of room to improve the performance of
TMDs-nanoscale metals hybrids. The fabrication features of these
plasmonic hybrids mainly depends on the characteristics of the
nanoscale metals that integrated with TMDs. The density of the
effective plamonic nanoscale metals is the key in the usability of
devices, and the homogeneity of EF over the device is also impor-
tant for the practical application of devices. Controllable plamonic
coupling, scalable fabrication, and exploring the other TMDs are the
pathways to practical applications and commercial manufacture.

The resonance center of LSPRs is desired to be tailored according
to the bandgap of TMDs and frequency of excitation, especially for
the NIR and THz devices. Therefore, the NSs exhibit significant
superiority compared with NPs obtained using chemical methods,
because of the controllability, reproducibility and large-scale peri-
odicity. Moreover, from the aspect integrality with silicon tech-
nologies and complementary metal—oxide—semiconductor
(CMOS) compatibility, directly fabrication NSs on top of TMDs
would be a better choice of architecture for commercial devices.
However, improving the plamonic enhancement of NSs/TMDs hy-
brids is called, as the PL EF for the NSs/TMDs hybrids is still much
lower than that of TMDs/NSs hybrids.

Scalable fabrication of TMDs-nanoscale metals hybrid nano-
structures remains a primary barrier for future commercial device
fabrication, which is limited by size of TMDs flake. The TMDs
employed to hybridize with plasmonic nanostructures are mostly
ME or CVD-grown TMDs, because of their excellent intrinsic optical
properties. Although a modified ME method to produce mm sized
monolayer TMDs has been proposed [140], it is not satisfy the re-
quirements for commercial integration or manufacturing. Because
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Table 1
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Comparison of TMDs-metal nanostructure hybrids fabricated with different architecture.

Hybrids Architecture Plasmonic Metals in Hybrids TMDs in Fabrication characteristics Enhanced PL  Application in Device
Hybrids Controllability Reproducibility Enhancement
Factor
NPs + TMDs NPs/TMDs  Chemical synthesized NPs [28 MoS,, WS,;, M M 40 [29] Photodetector(Vis)
—30,33,127,128]
Shell-isolated nanoparticles [98] MoS, 110 [98] Photodetector(Vis)
Physical prepared NPs [70 MoS,, WS, 28 [70] Photodetector (NIR)
—73,115,129,130]
Nanowires [31,69,118] MoS,, WS, 20 [69] Photodetector(Vis)
Nanorods [32,58,64] MoS,, WSe,, 6.5 [32] Photocatalyst
TMDs/NPs  Chemical synthesized NPs [53,74] MoS,, M M 200 [53] Photodetector(Vis)
Nanospheres dimer [79 MoS; 160 [79] NA
Physical prepared NPs [81] WSe, NA Quantum Light Emitter
Nanowires [76] MoS, 560 [76] Photodetector(Vis)
NSs + TMDs NSs/TMDs  Regular arrays [35, 82—-83, 110  MoS,, WS, H H 12 [83] Photodetector(Vis)
—111, 130]
Nanogap [38, 86] MoS, 40 [38] NA
Nanostrips [131] MoS; NA Photodetector (NIR)
TMDs/NSs  Regular arrays [34, 88, 116] WS,, MoSe,, H H 3 [34] Photodetector(Vis)
Nanogap [89] WSe; 200 [89] Quantum light emitter
Nanopillar [36, 90] WSe, ~7 [36] Quantum light emitter
Nanotranches [39, 92, 125] WSe;, WS, 1810 [39] Nonlinearly optical/
THz devices
Nanoholes [37, 112] MoS;, WS, 7 [112] NA
Metasurface [123—126, 136—137] WS,, NA Nonlinearly optical/
MoS,,WSe, THz devices
Resonance wire [54] MoS, NA Photodetector (NIR)
TMDs sandwiched between NPs/TMDs/ Chemical synthesized NPs [65, WS,, MoS, M M NA NA
nanoscale metals metal film 102, 117]
Nanocubes [63] MoS, 1200 [63] NA
Nanowires [43] WS, 3[43] NA
NSs/TMDs/ Regular arrays [44, 111] WSe,, MoS, H H 181 [44] Quantum Light Emitter
metal film Nanogap [96] MoS, 27.87 [96] Photocatalyst
Metasurface [101] MoS, 1.6 [101] NA
NPs/TMDs/ Shell-isolated nanoparticles MoS; M M 110 [98] Photodetector(Vis)
NSs +Periodic disc arrays [98]

L = Low M = Medium H=High.

of the uncontrollable size and thickness of ME TMDs, the devices
fabricated using ME TMDs are just prototype for laboratory
research to illustrate a possibility for certain applications. To realize
widely commercial applications in modern electronics and opto-
electronics, uniform wafer-scale growth of TMDs is instrumental
target. In recent years, wafer-scale TMDs have been reported using
CVD technique [141—143], suggesting that CVD-grown TMDs is a
proper candidate for commercial device fabrication. Yet, further
improvement is still foreseen in terms of suppressed lattice disor-
der, decreased grain boundaries for CVD-grown TMDs with higher
mobility, and stronger PL emission.

At current stage, due to the bandgap of semiconducting TMDs,
most applications of the plasmonic hybrids are limited to visible
range and NIR range, and consequently exhibit high optoelectronic
responds only at a very narrow wavelength range. Exploring other
kinds of TMDs with different electronic structures in the plasmonic
hybrids would be a possible path to extend the application domains
of hybrids. Moreover, broadening the light-respond range of the
hybrids is one approach to improve the efficiency of the optoelec-
tronic devices. In recent years, TMDs heterojunctions composed by
stacking a different TMDs layer, or graphene, hexagonal boron
nitride (h-BN), black phosphorus (BP), etc. have attracted more
attention, due to their tunable electronic and optical properties and
associated applications in optoelectronic device [144,145]. How-
ever, at current stage, only one type of TMDs is employed in most of
the TMDs-nanoscale metals hybrid nanosystems. In the future,
plasmonic hybrids based on TMDs heterojunctions may pave a new
route for enhanced optoelectronic devices. For example, because
graphene has demonstrated the extraordinary application potential
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in THz devices, graphene/TMDs heterojunction could be a good
platform for exploring the application of TMDs-nanoscale metals
hybrids in THz devices.

To summary, the outstanding high performance taken together
with the advantages of flexibility and integrability with silicon
technologies, or CMOS compatibility have lent the plasmonic
hybrid nanodevices of TMDs-nanoscale metals a very promising
prospect in the next-generation optoelectronics, and remains grand
challenges for the practical applications and commercial
manufacture.
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