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Plasmonics of 2D Nanomaterials: Properties and

Applications

Yu Li, Ziwei Li, Cheng Chi, Hangyong Shan, Liheng Zheng, and Zheyu Fang*

Plasmonics has developed for decades in the field of condensed matter
physics and optics. Based on the classical Maxwell theory, collective excita-
tions exhibit profound light-matter interaction properties beyond classical
physics in lots of material systems. With the development of nanofabrication
and characterization technology, ultra-thin two-dimensional (2D) nanomate-

rials attract tremendous interest and show exceptional plasmonic properties.

Here, we elaborate the advanced optical properties of 2D materials espe-

a wide range of optoelectronic applica-
tions become possible.! Semi-metallic
graphene interacts with photons in a large
range of energy,>% considering its ultra-
high carrier mobility at room tempera-
ture (higher than 10* cm?V-1s7!) and high
degree of optical transparency (approxi-
mately 97.7%), graphene shows unique
capability of supporting and tuning sur-

cially graphene and monolayer molybdenum disulfide (MoS,), review the
plasmonic properties of graphene, and discuss the coupling effect in hybrid
2D nanomaterials. Then, the plasmonic tuning methods of 2D nanomate-
rials are presented from theoretical models to experimental investigations.
Furthermore, we reveal the potential applications in photocatalysis, photo-
voltaics and photodetections, based on the development of 2D nanoma-
terials, we make a prospect for the future theoretical physics and practical

applications.

1. Introduction

Materials present distinct properties as their size reduce
into low-dimensional regime, where atoms and electrons
are restricted to limited free degree, involving strong light-
mater interaction, ultrahigh electric conductivity and excellent
mechanical flexibility. In the recent years, many kinds of 2D
materials are analyzed ranging from graphene,[!l layered tran-
sition metal dichalcogenides (LTMDCs) to hexagonal boron
nitride (hBN),123 their excellent optoelectronic properties make
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face plasmons which can be utilized in
light detection applications and new light-
involved electronics design.’~!°! MoS, and
WSe, are two typical 2D semiconductors,
which belong to LTMDCs. Compared with
graphene, the carrier mobility of few lay-
ered semiconductors is relatively low, but it
is much higher than that of the bulk semi-
conductors as gallium arsenide (GaAs) or
silicon of the same thickness.'®!] The
optic bandgaps of LTMDCs range from
1.0 to 2.5 eV, making them suitable for
light emitters and absorbents in a wide spectrum.'®] However,
due to the limited light-harvest ability and manipulating possi-
bility, efficient utilizations of 2D material are far from practical
applications.

To solve this problem, the strategy of integrating 2D mate-
rials with plasmonic nanomaterials attracts much interest.
Owing to the increased light-harvesting efficiency and
enhanced near-field intensity, hybrid 2D materials show excep-
tional potential for photocatalysis and photodetections.[192%
Plenty of plasmonic structures which have been intensively
studied can be utilized to actively control light-matter inter-
actions, and enable a wide reign of optoelectronics applica-
tions.2124 Moreover, plasmonic hot electrons, which inject
into 2D materials and rapidly change the carrier intensity
in the materials, enable even more applications for photo-
voltaic cells and photocatalysis.>>?%l Furthermore, coupling
effects between excitons and plasmons in the 2D materials/
plasmonic structures hybrid system are of growing interest
considering the existence of different kinds of quasiparticles in
the system, and inspire more profound studies for light-matter
interactions.?”-28l

In this review article, we start from basic optical properties
of 2D materials, focus on the properties and tuning methods
of plasmons in both 2D materials and hybrid nanomaterials.
By discussing properties of individual 2D materials and the
coupling effects especially strong coupling effects with the
plasmonic integration, we overview the strategies of making
use of plasmonic properties and excitonic irradiations to
achieve different photoelectric reactions and applications.
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2. Plasmonic Properties of 2D Nanomaterials

The atomic thin 2D nanomaterial sheet presents significant
light-matter interaction phenomena, owing to quantum con-
finement effect, their electronic structures and optical proper-
ties are distinctive from their bulk morphology.?’! Because of
those advanced electronic and optical properties, plasmonic
properties of 2D nanomaterials exhibit more attractive charac-
teristics. Metallic graphene support SP mode in the infrared
regime while excitonic LTMDCs/plasmonic structures hybrid
system exhibits profound coupling effect, which induces more
interesting plasmonic properties of 2D nanomaterials.

2.1. Electronic and optical properties of 2D nanomaterials

Optical properties of 2D materials emerge from their distinc-
tive electronic structures. For the graphene, electrons can
travel on the sheet of comb-like carbon lattice, which can be
well described as linear dispersed ideal Dirac fermions near
the Fermi energy.?” The light absorption process of graphene
can be divided into two steps, as shown in Figure 1a. When the
graphene is illuminated by light, electrons in valence band are
excited into the conduction band, then a hot Fermi-Dirac dis-
tribution of thermalized hot electrons generates immediately
(=150fs). The new distribution of hot electrons impedes a part
of original interband transitions within 1 picosecond, which
decreases further light absorption. For the temperature of elec-
tron in the distribution, the light with the frequency of kgT./h
is mainly blocked from absorption. After that, hot electrons and
holes are cooled down by the scattering of interband photons,
and mainly recombine to each other until the electron-hole dis-
tribution reach equilibrium. From this process, we can notice
that the absorption of graphene is a constant related with its
inner property and the absorption of multilayer graphene is mor
(=2.3%) for each atom layer because of the weak interlayer cou-
pling of different 2D electron gas layers (Figure 1b).! Notably,
the absorption constant follows the function as:

1-(1+0.570) " = mor = 2.3% (1)

In which o = 27e?/hc = 1/137 is the conventional fine struc-
ture constant (h is the Plank constant, ¢ is the speed of light).
Remarkably, this linear-dispersion property and high-efficient
light trapping characters make graphene useful for transparent
electronic devices, ultra-sensitive photodetectors and other
high-performance optoelectronic devices, notably, the special
optical property changes under high excitation intensity. Fur-
ther research shows that when the concentration of hot carriers
increase and become higher than the intrinsic carrier density
in graphene. The states near the edge of the conduction and
valence bands are filled because Fermions cannot occupy an
exactly same state, making light absorption be saturated. Com-
pared with traditional semiconductors like silicon and GaAs
this unique saturable character of graphene under strong light
excitation makes it promising in the high speed communica-
tion field as ultrathin saturable optical fiber absorber, and leads
to a new generation of highly integrated low-noise optical com-
munication system with very low cost.31:32
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Different from metallic graphene monolayer, semicon-
ducting LTMDCs are chemical compounds comprised of group
IV, V and VI elements, which are transition metal element and
chalcogen. They follow the compound form as X—-M-X, which
is two chalcogen layers bond with a transition metal monolayer
in the middle, the corresponding atom number ratio is 2: 1
while the conformation can be various.?*** Those sandwich
atomic structures, which we call as LTMDCs are bonded by
covalent bond while different layers of LTTMDCs can form the
bulk by weak interlayer bond, and support unique distributions

Adb. Sci. 2017, 4, 1600430



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(@)

25
distance (um)

www.advancedscience.com

A tnon

B ex;iton

(f)

Anisole

~ 200
150-
100

50

Photon Count Rate (1/s)
PL Intensity (a.u

0.11F

017} >
0.16 g
E:,o.15- g
E 014 >
; k]
% 0.13f e
2 =
< 0.12} -
o

i

w

0.1

16

Figure 1. a) Schematic view of the light absorption process in graphene: excitation, relaxation and absorption block. Reproduced with permission.
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b) Optical image of graphene and its bilayer. (Inset) the experimental sample design. Reproduced with permission.l®l Copyright 2008, AAAS. c) Sche-
matics of A, B exciton and A trion formation in MoS, monolayer. Reproduced with permission.’l Copyright 2014, ACS. d) Electroluminescence
mapping of monolayer MoS,. Reproduced with permission.[*3l Copyright 2013, ACS. e) PL spectrum. (Inset) the schematic view of MoS, monolayer
comprising trion and exciton component. Reproduced with permission.?”] Copyright 2014, ACS. f) Comparing absorption (Abs), EL, and PL spectra of

monolayer MoS,. Reproduced with permission.[*3l Copyright 2013, ACS.

of electrons. Thus, the absorption properties of LTMDCs are
distinctive from the bulk form or the comb-like graphene.’!

Monolayer MoS, is a kind of semiconducting LTMDCs and
researches show that the absorption properties are directly
influenced by the electronic structure, which follows the rule of
quantum confinement. Different from its bulk form, the band
gap of monolayer MoS, transforms from original indirect type
to direct type as the atom layers decrease to one, which attrib-
utes to quantum confinement and the orbital hybridization of
MoS, atoms, especially p, orbitals of S atoms and d orbitals of
Mo atoms, while the direct excitonic transitions rarely change.
Notably, d orbitals of Mo atoms play a dominant role in the
Brillouin zone K-point conduction band state. The middle Mo
atoms layer restricted between the two layers of S atoms makes
the interlayer coupling weak, thus direct excitonic transitions
do not change with number of MoS, layers. However, the states
around I'-point are also influenced by p, orbitals of S atoms
which construct as two layers on both sides of MoS, monolayer.
It enables the hybridized state to interact with adjacent MoS,
layers easily, thus the band gap at I'-point shows significant
layer dependent properties.

The electronic structures and optical properties of semicon-
ducting MoS, can be further analyzed as many body systems
controlled by the Coulomb interaction of electrons and holes.®!
Specifically, the combination of one electron and one hole
forms a quasiparticle named exciton, while three particles (two
electrons and one hole, or one electron and two holes) can
comprise a trion, or charged exciton (Figure 1c).?”! The behav-
iors of excitons and trions have strong influence on optical
phenomena including absorption and light emission. Reported
by many groups, spin-orbit coupling effect induces the valence
band edge of monolayer MoS, to split, and the maximum of
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split locates at the K point of the Brillouin zone, while the
minimum of conduction band also locates at K point.3¥4% At
the K point of Brillouin zone, the split transition band cor-
responds to two strongly bound A exciton and B exciton, of
which the split band transition energy in monolayer MoS, is
approximately 1.92eV and 2.08eV, and induces two separated
absorption peaks in red to near infrared region. The optical
transition bandgap energy should take exciton binding energy
in consideration, which increases under the influence of the
dielectric constants, so less energy is needed to generate an
exciton than the transport bandgap energy. Theoretical cal-
culation from the Bethe-Salpeter equation (BSE) also proves
that absorption spectral reflects the movement of A, B exciton
peaks when the comprising elements of LTMDCs are changed
.For heavier chalcogen species, the effective exciton mass along
with the dielectric screening increases, thus the exciton binding
energy decreases because the transition energy equals to pex/e2
approximately, which corresponds to the redshifts of the A and
B exciton peaks. The changes of metal atom do not have sig-
nificant influence on the transition gap of A exciton. But for B
exciton, the peak position is very sensitive to the choice of metal
atoms owing to the spin-orbit coupling effects.

As mentioned above, the behaviors of excitons and trions
play an important role in LIMDCs luminescence properties.
Based on the methods of excitation, there are mainly two cat-
egories of 2D material luminescence, which are electrolumines-
cence (EL) and photoluminescence (PL). For monolayer MoS,,
which is a kind of direct bandgap semiconductor, strong EL
can be observed under electric excitation. By applying voltage
on the source and drain electrodes, electrons are injected into
conduction band and become strongly bended at the contact
area between MoS, and metal on a high bias condition. This
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injection process is able to generate excitons effectively, further
induces hot carriers which are electrons in majority to be back-
scattered as well as accumulated on the drain electrode. As a
result, the minority carriers of holes in the monolayer MoS,
sheet will be raised from the drain electrode which result in
the recombination of electrons and holes and emit photons.
Figure 1d is the EL distribution mapping of the monolayer
MoS, device, as shown in the picture, EL is not homogeneously
emitted from the monolayer Mo$S, but shows a strong accumu-
lation on the metal electrodes. Notably, the area with the most
intensive EL signal is the source of carrier injection, where the
efficiency of exciton generation reaches its maximum, because
the strong band deformation plays dominant role in the hot car-
rier excitation.

Another category of luminescence is PL which comes from
the radiative recombination of hot electron-hole pairs excited
by photons.1= As shown in Figure le, a typical PL spectrum
consists of two noticeable peaks, which is actually believed
to originate from the radiative recombination of the A- trion
(~1.85 eV), A exciton (~1.90 eV), and B exciton (~2.03 eV),
while peaks of A- trion and A exciton are indistinguishable at
room temperature. The absorption, high-bias induced EL and
PL spectral of a monolayer MoS, sample are well connected
(Figure 1f). In the absorption spectrum, there are two main
peaks at wavelength of 610 nm and 670 nm, while in the PL
spectrum, there are two corresponding peaks at 620 nm and
680 nm of the same origin. The Stokes shift of peak position
is due to the inhomogeneity of dielectric environment, which
influences the surface interaction of monolayer MoS, and fur-
ther changes the binding energy of exciton via electron-hole
Coulomb interaction. Notably, the emission peak of B exciton
at the wavelength of 680nm is identical in both EL and PL spec-
tral, which indicates that the exactly same state is excited in the
material. While the difference between EL and PL mechanism
still exists because the electrical power density is insufficient to
excite the B excitonic state, which is at a higher energy state,
thus the peak at 620nm in PL spectrum does not exist in EL
spectrum.

For LTMDCs as monolayer MoS, and MoSe,, which belongs
to direct-bandgap semiconductors, by either electric or optic
method, hot electrons and holes are excited, then they recom-
bined and emit photons.[***! Since this process is much more
efficient than that in the indirect-bandgap semiconductors,
LTMDCs show significant potential to be utilized as active
light-emitting layer in future highly-integrated and flexible
optoelectronic devices. For EL properties of monolayer MoS,,
the emission of light comes from electric excitation with high
quantum efficiency, which makes it promising for ultrathin
and economical optoelectronic devices as light-emitting diodes
(LEDs) and lasers. While in PL phenomenon, LTMDCs absorb
light and generate electrons as well as holes, then emit light
when they recombine, which also shows unique potential as a
component in new generation of optoelectronic devices.

As for metallic graphene, which is believed to be a zero
band gap 2D material, light emission phenomena are also been
found and studied by introducing a band gap, or by strong
excitation of ultra-fast laser to the material. The gapless and
linear dispersed properties of graphene show unique negative
dynamic conductivity in terahertz (THz) spectral region making
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it possible to be a terahertz laser emitter.*4’] Researchers used
an ultra-fast pulsed fiber laser at the wavelength of 1550nm to
illuminate heteroepitaxial graphene on Si substrate and experi-
mentally observed the ultra-fast relaxation and studied corre-
sponding recombination dynamics of hot carriers induced by
the laser beam and further studied the light emission proper-
ties and the hot carrier mechanics of exfoliated graphene under
the excitation of a pulse laser. Using a time-domain spectro-
scopic study, which includes an optical pump and terahertz/
optical probe technique, they proved that the incidental optical
field will be strongly amplified by the graphene sheet. Further-
more, properties of graphene emission strongly depend on the
intensity of pumping power, which further influence the non-
equilibrium carrier relaxation recombination process in the
material. Combining with the III-V semiconductors and metal
nanostructures, graphene is a promising candidate for the new
generation of terahertz (THz) electronics as flexible, compact,
tunable and coherent light emitters and detectors for THz wave.

2.2. Surface Plasmon of 2D Nanomaterials

Plasmons are a kind of quasiparticle, which describe the collec-
tive oscillations of the electron gas in many metals and semi-
conductors. Metallic plasmons have been profoundly studied
in the past decades, since the marvelous electromagnetic and
optic properties they show.*=>11 It is proved that the boundary
conditions between metal and dielectric decide the interaction
between polarizing electromagnetic field and the collective
oscillation of free electrons at the surface of metal. Under some
conditions, the collective oscillation becomes in phase with the
outer optic field at certain frequencies. As a result, the incident
light waves are trapped on the interface, which we call them
as surface plasmon polaritons. Since the energy is mostly local-
ized on the surface of metal, strong electromagnetic waves are
further induced at the near filed, additionally, we divide the
plasmon effect into localized surface plasmons (LSPs) and sur-
face plasmon polaritons (SPPs) according to their propagation
condition. Until now, quantities of plasmonic nanoparticles
and nanostructures have been deeply studied, for example,
nanorods, nanocavities, rings and many other patterns lead
to various light-matter interaction. Plasmonic focusing struc-
tures as in-plane Fresnel zone plates (FZPs), circular nano-
corral structures and spiral structures with distinctive spin-state
selective character. Plasmonic Fano resonance structures as
sliced Ag nanodisks, dolmen-shaped structures as well as
chiral Fano resonance structures which enable even stronger
super chiral field. Plasmonic waveguide coupling structures as
nano-antennas and dielectric nanoribbons which support the
hybridization of plasmonic coupling. As the progress of fabri-
cation technique and theoretical methods of surface plasmons
control, extensive applications as perfect light absorbent, emit-
ters, optical sensors and many other utilities are discovered.
Along with the electromagnetic field enhancing nature, NPs
and nanostructures give us perfect inspirations to manipulate
light-matter interaction in the nanoscale region.

Graphene plasmons, however, are quite different from those
in metal structures.’>>4 As mentioned above, this zero band
gap semimetal supports significant light-matter interaction of
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high efficiency, and shows undispersed absorb properties.l>>~’]
Furthermore, the plasmonic condition can be modified by elec-
trical and chemical doping or hybridizing graphene with other
2D materials or traditional plasmonic nanostructures.’®>
Among several kinds of intrinsic plasmon modes in graphene,
there is longitudinal mode which is also defined as transverse
magnetic mode and the polarizing electric field is parallel to the
wave vector g. Transverse collective mode, which is also called
as transverse electric mode is of higher energy than the Pauli-
blocking level for interband absorption. The plasmonic fre-
quency of transverse electric mode in monolayer graphene is
between 1.667 Ep/h and 2Eg/h, according to this, the plasmonic
mode frequency can be freely modified over a broad range, by
applying gate voltage and changing the charge carrier density.
While the energy of the longitudinal plasmon mode is nearly
zero at a very long wavelength, which makes it a gapless mode.

Since electrons in graphene sheet can be regarded as two
dimensional Dirac Fermions, to describe this collective oscil-
lating system of Dirac Fermions, the Hamiltonian at a low
energy can be shown as follows:

I:IZVFZi O--pi'f'%z

In this simplified function, v stands for the Fermi velocity,
which is approximately 10° m/s, o is the Pauli matrix, while

2

(2)

] £|r —r|

p follows the definition as p; =——hV,i, which is the canonical

momentum of the specific electron numbered as i. The second
item of this equation indicates the interaction between every
other electron in this system and the single electron num-
bered as i. More specifically, this electron-electron interaction
in the two dimensional system can be quantified as poten-
tial u(|r; — 1), which is decided by the length of the distance
between each two electrons numbered as i and j. Since the
interaction condition is very sensitive to the environmental
dielectric constant, suppose a graphene monolayer which is
exposed to two kinds of dielectric media, the interaction poten-
2

tial becomes u(r;) = . For doped graphene, the distance

(& +&)r
between two electrons is represented as r1; — 1; =1/kp, where kg
stands for the Fermi wave number. Thus, the second term of
the function follows the form as e?kg/e, considering the first
term of the function which describes the kinetic energy in the
form of hvpkg/2m, the ratio connecting this two items in the
function should follow the definition as co/evy, which links
with the fine structure constant. Notably, o is the conventional
fine structure constant as discussed above, which indicates
the link between absorb properties and intrinsic plasmons of
graphene. Furthermore, by changing the dielectric constant of
environmental media €, electromagnetic properties of graphene
can be well modulated, which makes graphene promising for
more optoelectronic devices. To further discuss the plasmonic
properties of graphene under illumination, we consider per-

pendicular incident light with the energy flux of 4L|@|Z, the
T

initial and final states are defined as |i> and |j>, the absorbed
energy of unit area graphene follows as 27w|M|*D, where M
is the element of matrix reflecting the reaction between light
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and electrons, D is the density of states and it is linear with
&. The Hamiltonian which describes the interaction between
o . . e
incident light and electrons is in the term of v 6-— ©. By
0]
analyzing initial and final states, the interacting matrix can be

calculated as ;ezv§| ’ , from which we can further conclude

2
the absorbed energy W, ——|®| As a result, the optical con-
duct1v1ty G = ‘g“z
7;—‘;, which is independent with the properties of graphene

is theoretlcally calculated and equals to

sheet, and the absorption can also be derived as mo, meeting
well with the experimental results as shown in Figure 2a.

Furthermore, in the long wavelength region, collective oscil-
lations of electrons are restricted by the particle number conser-
vation and current conservation laws, thus the corresponding
dispersion relation of plasmon frequency @ and wave vector g
in monolayer graphene can be theoretically calculated by the
method of Random Phase Approximation (RPA) as:

1

2

(q—0)= [ th ﬂngsgv] (3)

8

In this function, n stands for the concentration of electrons
in the conduction band of graphene, while g, presents the valley
degeneracy factor and is equal to 2. The appearance of Dirac
constant / in the function shows the non-classical plasmon dis-
persion property of monolayer graphene in the long wavelength
region. Thus, compared with the classical plasmonic oscillation
model, plasmons in monolayer graphene layer show unique
dispersion characters, which can be well explained by a mass-
less Dirac plasma model differs from any classical analogy.
Apart from un-patterned graphene monolayer, plasmonic prop-
erties of graphene nanoribbons are also researched profoundly
in the recent years, for the zigzag type of graphene nanoribbon,
frequency spectrum of plasmons can be calculated numerically.
While for the type of armchair nanoribbon, the method of one-
band approximation within the RPA at y = 0 can be utilized
under the condition of Re[g(q,, ®)] = 0, and the corresponding
plasmon frequency o follows the function as:

Voo (4) £ (e, Bottg) 8-V
o =g~ Vool )ﬁ(qﬂhﬁ EAZ @

For the pristine graphene sample, propagating plasmon
mode only exists in the armchair ribbon, which shows charac-
teristic metallic properties. Because of the chirality of the wave
functions, plasmon mode in armchair ribbon is unable to decay
into particle-hole pairs. While for pristine graphene ribbon
of zigzag type, plasmon mode decays into particle-hole pairs
easily in a wide spectral range, thus no plasmon mode can be
supported. For doped graphene ribbons, plasmon dispersion
properties are similar to that of semiconductor nanowires, the
dispersion law is defined by the proportion of gy/*./~In(q, W),
in which the index is related with the doping condition. Fur-
thermore, the single particle spectrum around Ep is shown by
the curve of excitations between particle and hole, beyond the
curve, the dispersion of plasmon mode comes as g, ,/-In(q, W),
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Figure 2. a) Optical conductivities of pristine monolayer and bilayer graphene, doped monolayer and bilayer graphene and fluorographene. (Inset)
enlarged spectral in the low energy region. Reproduced with permission.52l Copyright 2012, Nature Publishing Group. b) Plasmonic propagation length
and SPP wavelength of graphene and gold. Reproduced with permission.53 Copyright 2012, Nature Publishing Group. c) Surface plasmon loss spec-
trum of graphene in different momentum transfer condition. d) Plasmon dispersion of graphene and free 2D electron gas at the same electron density.
(Inset) the band structure of graphene. c,d) Reproduced with permission." Copyright 2008, APS. e) Angle-resolved photoemission spectra of doped
graphene on SiC and schematic view of interacting and non-interacting Dirac energy spectra. Reproduced with permission.%3l Copyright 2010, AAAS.

thus the plasmons in doped graphene nanoribbons are similar
to that of nanowires.

Plasmons in two dimensional materials have been experi-
mentally observed in many ways, which can be either direct
or indirect. For example, the traditional optical measurements,
light scattering methods as scattering-type scanning near-field
optical microscopy (scattering-type  SNOM), angle-resolved
photoemission spectroscopy (ARPES), electron energy loss
spectroscopy (EELS), and scanning tunneling spectroscopy
(STS).[12:13.60-62] By those techniques, plasmons on free standing
graphene sheets and on epitaxial graphene samples are well
analyzed, furthermore, many articles reported that biased gra-
phene can also support SPPs with wavelengths much smaller
than the wavelength of the incident wave. For example, an inci-
dent beam with the frequency of 30 THz can excite SPPs with
the wavelength of 200nm.

The Dissipation effect of SPPs can be derived from the prop-
agation length in the unit of SPPs wavelength. The curves in
Figure 2b show the calculated propagation length of gold and
biased graphene. The propagation length meets well with the
SPPs wavelength of biased graphene which is in the infrared
region as shown in the black curve and red curve, but the cal-
culation results which come from the experimental data are
lower than that derived from the theoretical data. A slightly
improved propagation lengths as the red curve shows, which
is calculated based on the theoretical data of graphene under
a bias voltage of 71 V, but not longer than three SPP wave-
lengths, since the interactions of electrons and electrons are
concluded. As the fabrication technique of graphene improves,
better clean monolayer graphene with lower dissipation and
longer propagation length can be utilized to manipulate SPPs
at a micrometer scale and one atom thickness, in the infrared
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spectrum region. Biased graphene can be a better candidate to
support surface plasmons, with larger kinetic inductance than
that of unbiased sample. This energy loss effect is also ana-
lyzed by the high-resolution angle-resolved reflection electron-
energy-loss spectrometer (HREELS) as shown in Figure 2c.
In the experiment, the low-energy (about 20.29 eV) electrons
are backscattered from graphene on a SiC substrate and form
several energy loss peaks on the HREELS spectral, those peaks
increase and disperse strongly which depends on the increasing
of momentum transfer q with the direction parallel to the sur-
face of graphene. All curves show two nondispersing low loss
peaks which are marked as P1 with the energy of 67 meV and
P2 of 159 meV, P1 comes from the low-energy m plasmon,
which is reported in the previous research on graphitic sur-
face, while the physics origin of P2 peak is Fuchs-Kliewer (FK)
optical phonons supported by both graphitic structures on SiC
substrate and the substrate surface itself. This two peaks are
combined by the original background and sheet plasmon peaks
which make them hard to be observed, while they emerges
as the steep intensity drops induced by the increasing of off-
specular angle. Notably, the plasmons with low energy have
almost identical dispersion at small g, however the dispersion
relation is different from that of ¢'/? dispersion with increasing
g. In two dimensional graphene sheet, the data falls below the
q'/? curve for the wave number (q/ks) between 0.1 and 0.5, as
shown in Figure 2d, additionally, the loss of plasmon energy
is strongly relative to the Fermi energy Er for the 2D surface
state.

Under the driving force of incident electromagnetic field,
electrons are collectively pulled from their balance position and
screen outer electric field, however, they tend to be moved too
strong and then they are forced back by the Coulomb force.
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This movement is able to continue and form an oscillating
system, in which the restoring force comes from the summa-
tion of electric field created by all the electrons in the material.
The dispersion relation of two dimensional plasmon can be
well calculated at the long wavelength (q << k). In fact, those
collective charge density oscillations of the electron gas propa-
gating through the medium with specific dispersion relation
can also interact with other quasiparticles. For example surface
plasmon polaritons which are the bound states of electrons or
holes with collective excitations of a many-particle system, and
induce strong self-energy effects. It has been theoretically pre-
dicted that those composite quasiparticles named plasmarons,
which consist of the carrier charges and plasmons in the mate-
rial. The energy band of plasmarons can be observed by high-
resolution ARPES, which exist in the graphene sheet on SiC
substrate.®] As shown in Figure 2e, the Dirac energy spectrum
of quasi-freestanding graphene is shown on the left panel, and
it is in a non-interacting picture, the momentum has two com-
ponents as k, and k,, while Ej, presents the energy of the Dirac
point. The right panel shows the Dirac spectrum considering
interactions of electrons, and it illustrates the characteristic
reconstructed Dirac crossing. Measured by ARPES, the energy
band structure of n-doped graphene on a SiC substrate is pre-
sented in the middle, there are four bands crossing at the Dirac
energy (Ep) instead of two, which indicates states around Ep
from a single point recombine and change to the shape like a
diamond. The strong reconstruction of the massless Dirac Fer-
mions (MDFs) chiral spectrum near the Dirac point of doped
graphene supports that the self-energy comes from the inter-
actions between one charge carrier and the two dimensional
collective electron gas in monolayer graphene.

2.3. Strong Coupling Between 2D Excitons and Plasmons

LTMDCs show promising characters to support strong coupling
effects between light and matter, because of their advanced
electronic structures and optical properties as mentioned above.
Strong coupling effect is achieved when the relaxation process
changes to new path, which comes from the coherent energy
transfer between the transition of exciton and resonant optical
cavity. This process further induces several light-matter hybrid
states and new quasi-particles separated by the Rabi splitting
which are named as exciton polaritons.l®%] Notably, the prop-
erties of polaritons are unique, which include small effective
mass, fast propagation speed, long-range coherence and strong
matter interaction abilities, make LTMDCs be suitable for opto-
electronics, sensing and studies of ultrafast process.[®®”] The
strong interactions of photons, plasmons and excitons inspire
many fascinating studies such as Bose—Einstein condensation,
efficient charge transfer, and active tuning of material phase
transition.[®®7% As the researches for hybrid nanomaterials of
2D materials and plasmonic nanostructures develop fast, the
study of strong light-matter coupling effect attracts growing
interest. A team successfully fabricated a dielectric micro-
cavity structure which is comprised of a MoS, layer inside and
achieved strong coupling effect between light and matter.’!]
In this heterostructure, strong coupling between MoS, exci-
tons and the cavity photons is achieved and a Rabi splitting
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is observed by an angle-resolved reflectivity and PL spectral
method at room temperature.

The advance of metallic plasmonic system is strong filed
enhancement in a subwavelength scale, as SPPs harvest the
energy of light in high efficiency. The coupling effects between
excitons and plasmons are widely found in many hybrid nano-
material systems such as plasmonic nanoparticles and struc-
tures hybridized with J-Aggregate or quantum dots.”>77] For
example, significant Rabi splitting is observed which reaches to
hundreds of meV and reveals strong coupling effect between
excitons and plasmons. In the Rabi splitting process, coupling
strength quantified as AQR, strongly depends on the elec-
tric field intensity E in the cavity and the dipole moment d of
exciton transition. At the condition of scalar product of E and
d reaches to the maximum, the coupling effect becomes the
strongest, while with the minimized loss of energy. Thus, peri-
odic plasmonic structures which are comprised of separated
metallic nanostructures, are of special interest in the field of
strong coupling studies. In those systems, LSPRs are achieved
and the near electric field are highly enhanced in each struc-
ture unit. In the whole arrangement of periodic structures,
due to the interaction between different modes of LSPRs and
individual diffractive orders, sharp resonances are highly sup-
ported.l’®l In this situation, periodic plasmonic structures show
unique filed enhancement efficiency and 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 hybrid nanomaterials.

The experimental observation of strong coupling effect
between the 2D material excitons and plasmons of metallic
nanostructures is of growing interest.”” The existence of
three types of resonances in the hybrid structure is proved,
which includes excitons, lattice resonances, and LSPRs. A cou-
pled oscillator model is demonstrated to explain the coupling
resonances and fit the dispersion curves, which includes five
oscillators as A/B excitons, diffractive modes of (+1,0) and
(—1,0) orders, LSPR supported by nanodisks. Measuring the
reflectance spectra derived from the bare MoS, monolayer,
excitonic energies of A and B are calculated, while the lattice
dispersion and LSPR term are fitting parameters to take the
MoS, induced spectral shift into consideration. In this model,
the coupling between A, B excitons and between two diffrac-
tive modes are ignored, and the coupling of other resonances
are described as fitting parameters. The coupling between lat-
tice diffraction and LSPR becomes stronger with increased disk
diameter, while the exciton-LSPR maximum coupling strength
is achieved when the resonances of LSPR and the A exciton
settle on the same spectral wavelength. The coupling strength
between exciton and lattice diffraction mode is the weakest, and
the coupling between exciton and plasmon is dominant in the
MoS,/Ag nanodisks hybrid structure, and this strong coupling
effect is dependent on the LSPR mostly. Notably, a coherent
coupling exists in a large scale, which breaks the localized
region of LSPRs, and enhances the coupling effect of various
resonances.

The SEM image of the MoS,/Ag nanodisks hybrid struc-
ture on Si/SiO, substrate is shown in Figure 3a, the period of
silver nanodisk array is 460 nm while nanodisk diameters are
various to support the LSPR wavelengths in a wide range to
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Figure 3. a) SEM image of MoS,/silver nanodisk hybrid structure on a Si/SiO, substrate.
b) Angle-resolved differential reflectance spectra of MoS,/silver nanodisk hybrid structure,
solid lines are multi-oscillators model fitted results. (a,b) Reproduced with permission.”l Copy-
right 2016, ACS. c) Peak transmission energies as a function of in-plane angular momentum
for MoS,/FP cavity hybrid structure, the Rabi splitting of 101meV exist between P+ and P—
branch. (Inset) the schematic view of the hybrid structure. d) Photoluminescence dispersion of
MoS,/plasmonic hole array hybrid structure. (Inset) the schematic view of the hybrid structure.

(c,d) Reproduced with permission.?’} Copyright 2016, ACS.

resonate with the Mo$S, exciton (590-650 nm). The coupling of
five kinds of oscillators is shown by angle-resolved reflectance
spectrum of MoS,;/Ag nanodisks hybrid structure (Figure 3b),
which is comprised of five polariton branches with different
excitonic and plasmonic fractions. By analyzing spectral
branches, the coupling properties of hybrid structures can be
concluded as follows: First, the interactions between excitons
and plasmons of each polariton branches can be tuned by the
resonance frequency. Second, the polariton dispersion condi-
tion is significantly dependent on different lattice designs and
the corresponding lattice diffraction resonances. Because of the
non-propagating and flat dispersion nature of LSPRs, the effec-
tive masses of excitons also show the similar flat dispersion
properties of which the magnitudes are related with different
lattice modes. Finally, the intensity of coupling strength can be
modulated by the splitting numbers between the two polariton
branches. The strongest coupling between exciton and plasmon
is achieved when LSPRs become in resonance with Mo$S, exci-
tons and detuned lattice resonances.

However, the coupling condition in the above system is
complicated because there are two kinds of excitons in MoS,
induced by the SOC effect, which simultaneously interact
with diffraction modes. Monolayer WS, exhibits single sharp
absorption band and shows a sharp PL peak at 2.016 eV. A
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team demonstrated a WS,/Ag Fabry—Pérot
(F-P) cavity hybrid structure which achieved
strong coupling between excitons and plas-
mons at room temperature.’’] Because of
the strong absorption efficiency of F-P cavity
00 and higher excitonic efficiency of WS,, a
significant Rabi splitting of 101 meV is
observed (Figure 3c). For hybrid structure
4 of WS, and plasmonic arrays, the coupling
becomes weaker but still achieves a 60 meV
Rabi splitting, and reveals new PL properties
(Figure 3d). A coupled oscillator model is dem-
onstrated as follows to fit the experimental

1.0  spectra:
pol (kl)( B ] (5)

08 |:Eph(k) % :|( a Jz
- vV E. || B

0.4 In the function, E,, (k) and E,, stand for

the energy of empty photonic mode and
0o €xciton, Vis the interaction potential between

photonic mode and exciton, and is equal to
o NMQR/2. E, (k) denotes the eigenvalues of
splitting branches and the value depends on
the in-plane component of the incident light
momentum kj. |of? and |BJ? are derived from
the Hopfield coefficients, which correspond
to the photonic and excitonic contents of the
polaritonic states. In a certain system, the
dispersion relation of plasmonic modes can
be derived, for example, the dispersion func-
tion in plasmonic hole array follows the form
as:

7(m2?”)+3(n2?+k”)‘ (6)

In which, P is the lattice period, while (m, n) corresponds to
the scattering orders of SP modes. Considering |k | < 27/ P, the
dispersion of TM (0, £1) mode can be written as:

0.5

Intensity (a.u.)

kspp

‘ -

By applying this multi-oscillators model into the strong cou-
pling hybrid structures, dispersion curves can be well fitted in
transmission, reflection, and emission spectral. In conclusion,
strong light-matter coupling of hybrid structure inspires the
designs of ultrathin and high efficient plasmonic polariton
devices, enables more methods on chemical reaction rate con-
trol and chemical bond vibration studies. But, the interaction
properties of excitons, photons, plasmons and phonons in
hybrid structures with growing complexity stay unclear, and
need to be analyzed in more detail.
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3. Plasmonic Tuning of 2D Nanomaterials

The properties of plasmons in 2D nanomaterials show strong
dependence on the material band structure, which can be
influenced by chemical and electric doping effects. Also, con-
structing 2D nanomaterials into specific patterns and inducing
defects can also modulate the plasmonic properties, which
come from the boundary condition. More importantly, 2D
nanomaterials hybridized with metal nanostructures give us
new ideas for the plasmonic modulation methods since the
plasmonic tuning techniques of different metal nanostruc-
tures have been profoundly researched and show great possi-
bilities, along with advantage of the strong field enhancement
effect.

3.1. Plasmonic Tuning of Doped 2D Nanomaterials

At specific wavelength, the incident electromagnetic wave
becomes resonant with the surface plasmon and can be trapped
in a subwavelength volume, leading to a strong field enhance-
ment. For doped graphene, the properties of surface plasmon
are strongly linked with the in-plane conductivity, which include
the intraband and interband transitions of hot electron hole
pairs, and are mainly dependent on the parallel wave vector and
wave frequency. Within the RPA method in the local limit, the
light matter conditions can be expressed as:

o_(a))_ezEF i
oh’ o+it™ )
2 / —
+ 10 (hw—2E, )+ Llog| M= 2Ex
4h b4 ho+2E:

The first term of equation shows the intraband transitions
induced Drude mode response of graphene, as shown in
Figure 4a in the mid infrared region, the intraband response
is the dominant factor for the spectrum and makes graphene
plasmon exist in a board mid infrared region.3! Notably, 7
is the finite relaxation time, T is the temperature, and kj pre-
sents the Boltzmann constant. Since the Fermi energy follows

. e |n, 1
the function as EF=TF 2820 which indicates the strong
T

dependency of carrier concentration in graphene. Additionally,
the higher carrier density ng,p in graphene will induce plas-
monic response to the near infrared region, which broadens the
resonant wavelength of graphene efficiently. The second term
arises from interband transitions, and plays dominant role in
the visible and near infrared region, since the loss is dramatic
above 2E energy. As mentioned above, the optical conductance
is a constant in the spectral region. The normalized infrared
reflection spectra of monolayer graphene with different carrier
density are shown in Figure 4b. When the carrier concentra-
tion becomes higher, the reflectivity of monolayer graphene is
also increased, which shows more properties like metal. How-
evet, if Ex > @ which is on the condition of high enough doping
intensity, surface plasmons will be able to propagate within the
highly doped graphene sheet with the wave vector as:
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This function shows characteristic quadratic dispersion
relation of graphene, meeting well with the theoretical cal-
culation of 2D electrons. As shown in Figure 4c, this expres-
sion also indicates that the SPPs of graphene show strong
dependence on the doping effect, furthermore, the wave-
length of graphene SPs can be expressed by the free space
wavelength of light, and are deduced as Ay, = [40r/(e + 1)
(2mEg/(h)]Ap. Additionally, the wave vector with the direc-
tion out of the plane shows the mode concentration within
the subwavelength thickness, which is approximately A,,/27
in z direction. While the propagation distance within the
doped graphene plane is much longer, decided by the imagi-
nary part of k,, the SPP distance as the function of transition
energy can be well modulated by different doping effects (the
inset of Figure 4c), and the maximum of more than 1004,
can be reached. At high energy, the interband transition will
become dominant since the plasmons are able to generate
electron hole pairs with enough energy. The shape of curves
tends to be narrower with higher Fermi energy, since the
relaxation time 7 increases as the function of incidental light
frequency .

Apart from the unshaped graphene, doping effect can also
be utilized to tune the plasmons of monolayer semiconduc-
tors such as MoS,.[82l The plasmonic properties of monolayer
MoS; mixed with lithium ion can be investigated via optical
properties as absorption or light emission in the spectral
region of ultraviolent to visible light. Researchers analyzed the
plasmon resonances of monolayer MoS, nanoflakes mixed by
Li* ion with electrochemical methods and successfully found
the plasmon resonances in the visible and near ultraviolent
region. The plasmon resonances of the highly doped mon-
olayer MoS, nanoflakes after the intercalation show two peaks
corresponding to different crystal phase. Figure 4d shows the
PL images of two dimensional monolayer MoS, without inter-
calation and with different intercalation intensity by control-
ling applied voltages. The light emission of monolayer MoS,
nanoflakes shown in yellow is quenched with decreasing
intercalating voltages (initial state 0 to —10V) and becomes
negligible at =10 V. While the absorption spectra of the MoS,
sample shows that the doping efficiency of Li+ ions is not high
for MoS,, since no distinctive peaks exist for —4 V intercala-
tion. Under continuously decreased voltage, more free elec-
trons generate in the nanoflakes with both 2H and 1T phases
further form several absorption peaks at —6 V, and the reso-
nance position meets well with the theoretical prediction as
shown in Figure 4e. However, under lower intercalating volt-
ages, the arrangement of monolayer MoS, reminds only 1T
phase. This significant phase conversion from 2H to 1T ena-
bles efficient plasmonic modulation over a wide spectral range.
There are more methods of carrier density control such as
compacting MoS; sheet into a FET device with different gate
bias voltages, gas physisorption, and chemical doping, which
provide more choices for plasmonic tuning of unstructured 2D
nanomaterials.[8384
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Figure 4. a) Plasmonic response of graphene with different carrier density. b) Graphene IR reflection spectra with various sheet carrier density.
a,b) Reproduced with permission.l Copyright 2015, De Gruyter. c) Plasmon dispersion relation in doped graphene. (Inset) the propagation decay in
the unit of SPP wavelength. Reproduced with permission.®l Copyright 2011, ACS. d) Left panel shows PL images of monolayer drop-casted MoS,, the
right shows the absorption spectrum of 2D nanoflakes under electrochemical force control. e) Schematics of plasmon resonance peak positions as the
function of Li+ ions number in 2D MoS, nanoflakes for 2H and 1T phases. d,e) Reproduced with permission.[82l Copyright 2015, ACS.

3.2. Plasmonic Tuning of 2D Nanomaterials Plasmon
by Structure Control

The structural modulation of 2D nanomaterials plasmon,
especially graphene plasmon, leads an approach to modu-
lating several characteristics.®®) A team found a way to tune
the plasmon resonance wavelength to a large degree by slightly
changing the excitation wavelength.® They investigated the
plasmon resonances of graphene nanoribbons on the substrate
of SiC with different excitation wavelengths by the method of
scattering-type SNOM. Scattering-type SNOM normally com-
prises an atomic force microscope (AFM) in which the metal-
lized tip is illuminated by a focused infrared laser beam, and
the backscattered radiation is recorded simultaneously by the
topography method of yielding nanoscale resolved infrared
near-field images. So this technique makes spectroscopy and

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

infrared nano-imaging of the materials without fabricating spe-
cialized periodic structures become possible. The experimental
results of near-field image (up image in Figure 5a) show the
dependence of the fringe space on the dielectric constant of the
substrate SiC that the spacing of the fringes decreases dramati-
cally with increasing dielectric constant. And when the relation
between the excitation wavelength and the dielectric constant
is taken into consideration, it shows that the spacing of the
fringes increases greatly with the excitation wavelength, respec-
tively. The observation results are consistent with the equation
A, = 4Ao0Ep/ Ep(1 + &), in which Ep and Ep represent the Fermi
energy and the plasmon energy respectively, A, represents the
excitation wavelength, and ¢, is the substrate permittivity. In
this way it is speculated that the carrier density in narrow rib-
bons is greater than that in larger one. When the width reaches
values smaller than the plasmon wavelength Ap, the near-field

Adb. Sci. 2017, 4, 1600430
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Figure 5. a) Near-field images of resonant localized mode on tapered graphene ribbon taken with different imaging wavelength. Reproduced with per-
mission.l®¢l Copyright 2012, Nature Publishing Group. b) Photograph of graphene in IR spectrum region, the wave pattern shows significant boundary
and defect sensitivity. Reproduced with permission.®”] Copyright 2012, Nature Publishing Group. c) Left: structure of graphene disks array device,
right: corresponding transition and reflection spectra with changing disk diameter. Reproduced with permission.® Copyright 2014, ACS. d) Left: AFM
image of different widths of graphene ribbon arrays, right: Localized plasmonic resonance induced extinction spectral in monolayer graphene ribbons.
Reproduced with permission.®'l Copyright 2011, Nature Publishing Group. e) Experiment and simulation results of localized plasmonic resonance
modes analysis in graphene disks on SiO, substrate. Reproduced with permission.’% Copyright 2016, Nature Publishing Group. f) Upper: graphene
ribbon pairs, lower: near field image of two plasmonic resonance mode. Reproduced with permission.®@ Copyright 2011, ACS.

image (below image in Figure 5a) shows a clear shift of the
localized modes to a wider part of the ribbons for increasing
Ay, and the topography images of the ribbons obtained by AFM
(image in grayscale in Figure 5a) shows the change of the hot-
spot location. The observation above reveals the change of the
localized modes at different excitation wavelengths and pre-
sents a new way to control the plasmon behavior in graphene
ribbons by tuning the excitation wavelength.

Apart from controlling the excitation wavelength to tune the
plasmonic characteristics, through introducing defects into
the nanomaterials we can also observe similar results. Using a
scattering-type SNOM, it is possible to experimentally observe
the plasmonic characteristics of graphene ribbon after a defects
introducing process.®’”l The images of infrared amplitude of
graphene ribbons on the substrate of SiO, (Figure 5b) show
the characteristic interference pattern (blue dashed lines) and
defects (green dashed lines and green dot). This reveals the
periodic oscillations of signal along the graphene edge and
shows that the line defect can produce the pattern that is dif-
ferent with the long gated one, those fringes are produced in
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both sides of the boundary. Therefore, plasmon resonances pat-
tern can be effectively changed by introducing defects.

Besides, the modulation of sample structures of graphene
can provide distinctive characteristics compared to the tradi-
tional nanoribbons. For instance, the structures of disk arrays
and nanoribbon arrays of graphene bring novel features. 8%
A device is designed (left image in Figure 5c) to promote the
optical absorption at visible and infrared wavelengths in gra-
phene nanodisk arrays. In this device, with the method of elec-
tron-beam lithography, the monolayer graphene is configured
to specific structures on In—In,0;/BaF, substrate. And then ion
gel is spin-coated on top of the graphene nanostructure with Au
gate contact deposited above. By FTIR measurements of trans-
mittance, reflectance and absorbance results (right image in
Figure 5c) exhibit prominent resonances which associate with
the excitation of plasmons in the nanodisk arrays. As the Fermi
energy Er changes from 0.2 eV to 0.8 eV, both the reflectance and
the absorbance increase while the transmittance decreases. This
phenomenon coincides with the theoretical results brought by
the coupling between nanodisks, as the peaks in the spectra of
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nanodisk arrays can match the calculated plasmon modes ener-
gies of the single nanodisks. In this way, by taking advantages
of graphene nanodisks, the aim to promote the absorption effi-
ciency in the infrared region of the spectrum can be achieved.
The result that the efficiency can be increased from less than
3% to 30% in the infrared region makes nanopatterned gra-
phene promising for practical utilizations of infrared electro-
optic devices.

Similarly, a device which consists of graphene nanoribbon
arrays is reported. In this experiment the plasmon resonances
and light-plasmon coupling in graphene micro-ribbon arrays
were studied by Fourier transform infrared spectroscopy. The
images obtained by AFM reveal that the nanostructure of the
graphene nanoribbon arrays agree with the theoretical calcula-
tion results. And the results (right image in Figure 5d) of the
transmission spectra show that the samples with different
micro-ribbon widths red-shift when the ribbon width decreases.
For infrared absorption from doped charge carriers is related
to —AT/T,,, the decrease of transmission through graphene
micro-ribbon arrays, where T, is the transmission coefficient
at CNP and AT = T-T,,,. This nanostructure of graphene nanor-
ibbon arrays has similar effect in promoting the graphene effi-
ciency in absorption in infrared regime, which can be applied
in electro-optic devices.

Together with the experimental results and the great poten-
tial applications in several directions, the theory of the struc-
tural modulation’s effect on the 2D nanomaterials plasmon
is attracting great attention. Researchers investigated the gra-
phene plasmon modes in graphene disk nano-resonators on
the SiO, substrate.’*?!l They analyzed a set of disks at two dif-
ferent illumination wavelengths with the diameter d increasing
from 50 to 450 nm. The results (up image in Figure 5e) show
the near-field features of small disks, which exhibit a bright
ring and a dark center. For medium disks, they have a dark ring
and a bright center. As for the larger disks, they have both a
dark ring and a dark center. This phenomenon changes little
with the increase of the illumination wavelengths, and shows
the disk size induced influence on the graphene plasmon
modes. To further investigate this effect, they also analyzed the
experimental results by numerical electromagnetic calculations.
In the stimulation, a dipole source is the regarded as the illu-
minating tip in the experiment. By plotting the near field below
the dipole, the simulated near-field images (image below in
Figure 5e) were obtained and generally matched the experiment
results. Besides, when the dipole is located at the center of the
brightest disk, a completely different plasmon mode appears in
the dipole because the field oscillations are strongly confined to
the edge of the disk and propagate along it. This indicates that
tip can efficiently probe both plasmonic sheet and edge mode
in graphene, and through structural modulation the probed
plasmon modes can be tuned.

Apart from the structural modulation above, the strong inter-
lamination coupling can also affect the plasmonic properties
in graphene.’>% It is found that the plasmon modes of the
interacting graphene nanoribbons are different from that of a
single nanoribbon. The electric near-field results (images below
in Figure 5f) show that because of the electrostatic scaling law,
the interaction between plasmons in coplanar ribbon pairs
gives rise to the hybridized state, and converges to the modes
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of the ribbon of double width at zero separation. This gives rise
to the two lowest-energy bands, and the near fields of these
modes basically show binding and anti-binding combinations
of monopoles, without nodes in the induced charge of each
ribbon. In this way, the guided plasmons in paired graphene
ribbons exhibit great difference in distribution of modes com-
paring that in individual ones. 2D plasmons in doped graphene
show larger confinement and longer lifetime than that in noble-
metal. Additionally, with the introduction of the interacting
paired graphene nanoribbons, the potential of the graphene
plasmon circuits for future plasmon devices becomes clearer,
for instance in infrared sensing and optical signal processing
applications.

3.3. Plasmonic Tuning of Hybrid 2D Nanomaterials

Plasmonic resonance can be actively tuned by electronic doping
as mentioned above, however the modulation range is mainly
settled in terahertz and MIR region, the plasmonic tuning of
optical frequency remains a challenge. Plasmonics of metallic
nanostructures and nanoparticles are deeply researched and it
is proved that plasmonic resonances in metallic nanostructures
and 2D materials interact with each other strongly, if metallic
structures are configured near 2D materials and form a hybrid-
ized heterostructure.’*% By utilizing the known properties of
specific metallic structures pattern and unknown hybridization
possibilities, quantities of heterostructure are designed and
show excellent tuning abilities over a wide spectral range.**-10%
A hybridization of graphene and gold nanorod device is pre-
sented in Figure 6a, which enables active plasmonic tuning of
both resonance frequency and quality factor in the near infrared
region.' In this study, both simulation and experiment results
confirm that the quality factor of plasmonic tuning effect by
electrical gating method is 28%. The most contribution comes
from the ends of the rod, where two plasmonic hot points
exist. Simulation proved that the in-plane electric field near
the spots is enhanced intensively, and holds a large proportion
(14%) of integrated field intensity among the total graphene
sheet area. This little proportion of area only contains tens of
electrons induced by gating process, but contributes to a sig-
nificant charge carrier concentration variation of 8 x 102 cm2,
shifts Er to a 0.5 eV level, and further blocks the interband tran-
sitions in graphene. As a result, the scattering intensity sensi-
tivity to the hot carriers number exists at the hot spot can be
very high (0.07% per carrier), making it possible for a single
electron observation form scattering intensity spectrum of this
hybrid graphene gold nanorod device. The strong interaction
between graphene and metallic plasmon also offers an efficient
method to control the plasmon resonances at optical frequency,
which can be useful for more practical applications.

Bowtie structures can also support strong electrical hot spot,
since the sharp corner will concentrate electrons in high inten-
sity.1% A design of a FET device of Bowtie array hybridized large
area graphene is reported which has highly tunable carrier con-
centration under electrostatic gating, the plasmonic structures
fabricated on graphene enhance the interaction of the incident
optical field with the graphene sheet, and the impact of gra-
phene is much stronger at mid-infrared wavelengths. Figure 6b
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voltage. (Inset) SEM image of nanorod on graphene sample. Reproduced with permission.%3] Copyright 2012, ACS. b) Top: schematic illustration of
electrically tunable graphene-bowtie antennas hybrid structure, middle: changes of plasmonic resonance damping under applied gate voltage, bottom:
plasmonic resonance width changing as the function of gate voltage. Reproduced with permission.%l Copyright 2012, ACS. c) Upper: illustration of
graphene ribbon array hybridized with metal gratings structure, lower: absorption mapping of the structure with changing trench width. Reproduced
with permission.'%" Copyright 2015, ACS. d) The spectral position of the A exciton and two polariton branches for both pristine MoS, and nanodisk-
MoS; hybrid structure as the function of temperature. Reproduced with permission.’®l Copyright 2016, ACS. e) Upper: schematic view of Fano-resonant
structure hybrid gated graphene structure, lower: the reflectance spectrum under electrical switching. Reproduced with permission.®® Copyright 2015,
ACS. f) Upper: illustration of Ag disk-MoS, hybrid structure under laser illumination, lower: changing of localized plasmon shifting as the laser power

changes. Reproduced with permission.[°¢l

is the schematic illustration of the experimental structure for
voltage-controlled optical transmission measurement, which
indicates the plasmonic damping in the hybrid structure. The
image below shows the gate voltage’s effect on the plasmonic
resonance in which the experiment results match well with the
simulation results to a large degree in measuring the transmis-
sion spectra. By introducing hot electrical spots, graphene can
be used to electrically control the damping of plasmonic reso-
nances in the mid-infrared spectral region. Better optimized
design will be explored to achieve efficient damping and tuning
of plasmonic resonances.

Because of the atomic thickness of monolayer graphene, it
is difficult for single layer graphene ribbons to achieve efficient
absorption. A hybrid system of graphene ribbon arrays are fur-
ther investigated and find that the localized resonances in metal
gratings can couple with the plasmonic resonances in graphene
ribbons and increase the absorption to a large degree.'!] The
schematic view in Figure 6¢ shows the hybrid structure of plas-
monic metallic grating and graphene ribbons under plane wave
illumination. A, h, and b are the period, height, and trench width
of the grating as well as the graphene ribbon array, and r is the
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width of the ribbon. The image below illustrates the contour
plot of the absorption when the incidence angle is fixed at 50°
with varying trench widths while the ribbon width remains the
same as the trench width (r = b). It exhibits additional bright
bands corresponding to the even-order plasmons. These find-
ings may facilitate the design of optoelectronic devices and
metamaterials structures based on hybrid nanostructures and
graphene. Several types of modulators are analyzed and show
excellent modulating functions in the telecom wave range at
low gating voltages for a very small active device area. Those
properties are nearly as the same as traditional waveguide mod-
ulators which are silicon-based, but the ultra-thin characteristic
makes them promising for compact device, and further makes
them possible for realization of graphene-based plasmonic
modulators for fast optical communications.[19>100]

The exciton-plasmon coupling effects give more insight
about the tuning of plasmons in hybrid 2D nanomaterials,
which have been discussed before and enable us to actively
modulate plasmonic properties of 2D nanomaterials via
temperature control.’?°®1%7] Through MoS, excitons, local-
ized surface plasmon resonances (LSPRs) of individual silver
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nanodisks and plasmonic lattice resonances of the nanodisk
array these three types of resonances, novel 2D plasmonic
polaritonic devices can be realized. Figure 6d shows the tem-
perature dependence of exciton-plasmon polaritons. The up
one shows the relation between the wavelength of the A exciton
and two polariton branches and the temperature. It is pre-
sented that at low temperature the energy of the branch 2 is
closer to the A exciton compared to polariton branch 3. And as
the temperature increases, branch 2 red-shifts faster. While at
high temperature, the energy of the branch 3 is closer to the
A exciton on the contrast. And the image below shows the
calculation results of the exciton fractions. Polariton branch 2
contains 0.7 exciton fraction at 77 K and is more matter-like
and temperature dependent, while at the room temperature,
this proportion drops to 0.3, and it becomes more light-like
and temperature independent. For polariton branch 3, on the
other hand, the exciton fraction increases from 0.35 to 0.75
from 77 K to room temperature. Those results further illustrate
that the physical properties of the light-matter interactions in
emitter-coupled plasmonic lattices can be tailored by tuning
the relative fractions of different resonances with different
features.

Active tuning methods of plasmons are of more practical
interest, for now the working spectral region is mainly in
infrared light in graphene. As is known to all that the optical
response of graphene is rather weak, the method to increase
its absorption in the infrared part of the spectrum has become
the key point for its optoelectronic applications.[*>1%] Through
electric gating the easy approach to switching the light can
be taken. In Figure 6e, the upper image shows the structure
of the device. Through the hybridization of Fano-resonance
structure and the gated graphene structure, the optical prop-
erties change a lot. The image below shows the reflectivity
spectrum of the hybrid structure under the electric gating. It
shows that the ultrafast response time is accomplished due to
rapid injection of charge carriers into graphene, while large
modulation depth (about 10 dB) in reflection is achieved by
the metasurface design. The designed metasurface here is
promising for light modulation by either electrostatic or
chemical doping. Thus applications for the infrared absorp-
tion and spectral response control are attractive. More designs
about the active control of plasmon-exciton coupling in hybrid
nanostructures are reported as shown in Figure 6f which is
the schematic of the MoS,-Ag hybrid nanostructure and cou-
pled oscillators model for intuitive explanation. The MoS,-
Ag hybrid nanostructures are fabricated by designed Ag-
disk structures onto the surface of MoS, monolayers, which
have strong response to the incident light. The image below
shows the absorption spectra of MoS,-Ag hybrids with disk
radius of 60 nm, where the LSP resonance red-shifts with
the increasing of the laser power. Total shifting of 25 nm can
be obtained as the laser power increased. This work demon-
strates that the plasmonic response of MoS, monolayers can
be effectively modified by the photoexcited excitons, which
play a significant role in controlling surface plasmon reso-
nances in MoS,-Ag hybrid nanostructures. The capability of
active control of exciton—plasmon coupling is able to provide
new opportunities for high-performance and ultra-thin opto-
electronics devices.
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4. Plasmon-Induced Applications of 2D
Nanomaterials

Some 2D nanomaterials with atomic thin thickness show
unique optical properties, such as direct band gap light emis-
sion, valley polarized PL and distinctive Raman signals. How-
ever, the monolayer regime of 2D nanomaterials provides a
significant challenge for weak light-matter interaction, which
limits their applications in light-emitting and optoelectronic
devices. 2D nanomaterials interacting with metal nanomate-
rials constitute abundant heterostructures, which can modulate
and enhance the light-matter interaction of materials via active
plasmonic effects. These modulation results in heterostruc-
tures can be concluded into two parts depending on optical
signals. On the one hand, metallic nanomaterials can enhance
or quench the PL intensity of 2D semiconductors. Spectra split-
ting of shift can also be observed in strong coupling process of
exciton and surface plasmon. On the other hand, the hetero-
structures employed as sensors can significantly enhance the
fingerprint Raman spectra of molecules and other biological
samples. Due to extraordinary properties of 2D nanomaterials
and the flexibility of parameters control as reviewed above, the
potential applications are of growing interest in many fields as
highly compacted light emitting devices, sensitive optical sen-
sors, and efficient chemical catalyst driven by light power.

4.1. PL Modulation

The optical properties of metal/2D materials heterostruc-
tures benefit greatly from the localized strong electric field
induced by surface plasmon. The electric field contributes to
the strength of light-matter interaction resulting in absorp-
tion enhancement.'%-12 Excited electrons of 2D semicon-
ductors are generated from light absorption, then relax to the
bottom of conductance band, bind into exciton energy level,
and finally decay in relaxation process which includes non-
radiative and radiative decay. In addition, the plasmonic effect
can modulate the decay process, which is important for light-
emitting and thermal lattice vibration. Hence, the interface
problem of heterostructures is quite important and sensitive to
optical properties of 2D materials. Charge transfer and energy
transfer occur at heterostructure interface and can further
result in PL spectra tuning, involving intensity attenuation
and signal enhancement. It is demonstrated that an effective
charge transfer process is recorded in atomically thin GQD/
MoS,; heterostructure observing from the spectral evolution of
MoS, PL with increasing GQDs concentration (Figure 7a).l'"3]
PL spectra decreases and redshifts step by step when GQDs
solution is spin-coated onto MoS, monolayer again and again.
From a three-energy-level model, the doped carrier density
(6.5 x 10" cm™) can be estimated from the optical intensity,
which changes with the doping concentration. This tuning
effect is further used to control the degree of MoS, valley
polarization at different GQDs deposition densities. The total
PL intensity can be decomposed into exciton and trion recom-
bination. Exciton emission efficiency is sensitive with doping
charges, but trion is insensitive with doping charges, because
the spectral evolution arises from the competition of exciton
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Reproduced with permission.['?3]

and trion recombination. Compared with electric gate doping
and chemical doping, it is proved to be an efficient n-type
doping by fabricating 0D/2D heterostructures. These results
pave the way for the exploration of light-matter interactions in
2D nanomaterials.

Charge transfer is directly affected by the spacer thickness
between the metallic nanomaterials and 2D semiconductors.
Generally, the decay process may even happen in negligible
spacing with few nanometer thickness. When an appropriate
spacer layer is precisely designed to separate the direct contact
of metal and materials, charge transfer may be blocked, and
the non-radiative transition will be restrained. A manipula-
tion method of the PL intensity from nearly 4-fold quenching
to approximately 3-fold enhancement is achieved by adding
a spacer layer between MoSe, layer and nanoantennas.!''¥
Plasmonic dipolar antennas are excited in resonant condition
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at 532 nm. The exciton-plasmon interaction is manipulated by
varying nanorods length ranging from 70 to 130 nm in a square
lattice. Furthermore, the coupled system exhibits strong polar-
ization-dependent selective PL enhancement, which provides
the possibility in active control of polarization-based emission.
This work offers an important way to understand the impor-
tant role of spacer layer for large-range PL manipulation from
quenching to enhancement based on 2D semiconductors.
Another example of restraining the non-radiative decay is
reported by A. Sobhani and his colleagues.l'’” In the structure
frame of inserting dielectric layer, silica—Au-PVP (poly-4-vi-
nylpyridine) core—shell NPs were utilized to separate metal and
semiconductor. PVP layer acts as an insulating layer to block the
non-radiative process efficiently. The main absorption enhance-
ment is obviously observed at 645 nm benefiting greatly from
the strong plasmonic resonance. Light-induced oscillations of
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free electrons in metallic nanostructure strengthen the light-
matter interaction. As a result, a nearly twice times enhance-
ment of PL intensity was obtained. To further increase the PL
emission, a hybrid structure consisting of Ag nanocube/PVP/
MoS,/HfO,/Au film was reported by G. M. Akselrod, which
shows remarkable PL enhancement of WSe, up to 2000-fold.!'*¢l
The nanocube with dielectric layer has two main resonance,
one is the fundamental dipole mode at 660 nm and the other is
the second-order mode at 420 nm. The giant PL enhancement
is realized by leveraging two separated resonant modes, which
provides a flexible and tunable plasmonic platform to control
the optical process of 2D materials.

With the rapid development of CVD growth technology,
centimeter-sized MoS; flakes with high-quality are fabricated.
Large-area fabrication of nanoparticles allowed us to investi-
gate the interaction between the exciton PL and the plasmonic
resonance of the particles. Large-size PL enhancement of
CVD MoS, is reported when it couples with plasmonic nano-
disk arrays of which the diameters range from 106 to 227 nm
(Figure 7b).'Y”) Results show that enhanced PL intensity of
MoS, film directly depends on localized E-field intensity gen-
erated by LSPR. The maximum enhancement of PL signal is
achieved as 12-fold, which arises from both the excitation field
enhancement at the pump wavelength and the efficient optical
scattering of nandisks. Efficient light harvesting and light emis-
sion of these low-dimensional materials with large-size area can
open up new ground in integrated optoelectronic devices with
considerable performance.

Besides the PL intensity changing, peak broadening and
energy shifting are also observed due to the plasmonic effect
using different contact interfaces. Some researchers reported
that plasmonic hot electrons can induce phase transition of
MoS, monolayer at 77 K low temperature (Figure 7c).I!l
5 nm Au NPs were spin-coated and deposited onto Mo$S, film
forming metal-semiconductor heterostructure. Hot electrons
are generated by plasmonic resonant excitation with a high
energy at 2.56 eV, which is much higher than the Schottky bar-
rier (0.8 eV) between MoS, and Au NPs. 2H-MoS, shows semi-
conductor properties with high stability at room temperature,
which is due to the field-induced splitting of Mo 4d-orbitals
of a D3,-MoSg unit into three groups. Hot electrons can jump
through the barrier, dope the MoS, monolayer, lead to a lat-
tice destabilization, through the population of Mo 4d-orbitals,
and then into 1T phase. 1T-MoS, possesses incomplete occu-
pation of degenerate orbitals, which shows metallic properties.
In addition, plasmonic effects also result in spectral broadening
and red-shifting as shown in the figure. The main reason of this
tuning is that if hot electrons transfer into MoS, semiconductor
within a non-radiative decay, the band gap of MoS, is narrowed.
The method of off- and in-resonance control offers selective
enhancement of MoS, PL emission.'*l In a hybrid structure
of Au nanoantenna arrays and MoS, monolayer as shown in
Figure 7d, the relation of PL intensity amplification with local-
ized temperature distribution has been investigated, which is
caused by the plasmonic mediated light absorption. The PL
spectra also show broadening and shifting during plasmonic
induced heat process. In the experiment, the temperature of
MoS, above the nanoantenna array is measured by a tempera-
ture calibration procedure reaching up to 120 °C £20 °C. It is
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nearly two times larger than the temperature of MoS, without
antenna contact. In theoretical prediction, the thermal effects
can be interpreted in terms of plasmonic induced light absorp-
tion and its conversion into electron-hole pair in MoS,, which
is verified by using green dyadic method (GDM) and Discrete
Dipole Approximation (DDA) simulations combined with heat
dissipation calculations.

Surface plasmon polaritons (SPPs) are collective oscilla-
tions of free electrons in metal, which can propagate along the
interface of metal and dielectric. Plasmonic waveguides propa-
gating SPPs can realize integrated photonic circuits showing
high-frequency operation rate. Excitons in quantum dots
coupling with SPPs are widely reported in the last ten years,
such as single-photon SPPs and quantum coherent. Recent
research averts their sights on 2D semiconductor exciton cou-
pling with SPPs. J. Kim's group reported a series of work on
exciton-plasmon conversion in Ag nanowire/MoS, (Figure 7e).
MoS, PL is of multi-channel exciton, involving primary exciton,
charge exciton and valence splitting induced exciton. The pri-
mary exciton plays dominant role in total contribution of PL.
H. S. Lee demonstrated a clever method realizing selectively
amplifying the primary exciton of MoS, monolayer in a cavity-
free hybrid system based on cyclic re-excitation exciton.[120:121]
The nanowire length effect was systematically investigated by
controlling fully and partially overlapping of MoS, film. For
fully overlapped samples, the PL enhancement is independent
with the laser incident position. However, the laser position is
significant in the situation of partially overlapped region. The
maximum of enhancement factor reaches nearly 20 selectively
for the primary exciton, which excludes other multi-exciton by
significantly reduced band filling effect.

The mechanism is that exciton couples directly with the
input laser, and the enhanced primary exciton emission recou-
ples SPPs times and times. This work opens up a shortcut to
realize potential TMD optoelectronics coupling with SPPs, and
provides a new model of selective PL amplification in recycle
principle. Besides the PL enhancement, the SPPs propagation
can also be real-space visualized benefits from the MoS, gain
medium. The atomically flat and thin properties provide fewer
scattering losses of SPPs propagation in Ag nanowire.

The PL enhancement is strongly decided on field enhance-
ment, collection efficiency and quantum efficiency.'?? The
large field enhancement excited at resonant wavelength acts
as high-index to increase optical absorption, promotes elec-
tron-hole pairs generation and accelerates the radiative rate.
The overall collection efficiency is related with objective lens
and the overlapped area of nanoparticles and 2D semiconduc-
tors. Quantum efficiency depends on the position and dipole
moment of exciton in the electric field. Tailoring all the three
components in hybrid system provides a platform to realize
the PL gaining control at the nanoscale. A heterostructure is
demonstrated consisting of shape-controlled Ag nanoantenna
and mechanically exfoliated MoS, film.'?3] The PL intensity of
1L-MoS,; can be continuously tuned from huge enhancement
to slight attenuation by changing the morphologies of Ag nano-
antenna as shown in Figure 7f. Ag nanoantennas, involving Ag
octahedron (Ag OTC), sphere (Ag SP) and nanocube (Ag NC)
show various diameters range from 40 nm to 340 nm, and their
main resonant peaks observed from extinction spectra change
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from 400 to 1000 nm with different sizes. In the situation of
Ag NC-MoS,, the localized resonance of nanoantenna over-
laps the excitation energy and MoS, band gap, which results in
dramatic PL enhancement up to 950-fold. The quantum yield
calculated by electrodynamic theory is estimated to 13.9-fold at
the strongest enhancement situation, and the photon collection
efficiency slightly decreases from 15% to 13% due to the cover
of Ag particles. However, PL weakening is observed in Ag OCT-
MoS, structure, where the non-radiative high-order plasmon
plays the dominant role. The field enhancement is still large
and calculated as 280-fold, but the quantum yield and collec-
tion efficiency is reduced to 0.2-fold and 0.26%, respectively.
Considering all the effects together, the final PL enhancement
is decreased to 0.89-fold.

4.2. Photodetection

2D materials are appealing candidates for a variety of optoelec-
tronic devices because of its ultrathin thickness and distinctive
characteristics, which are suitable for transparent electrodes,
photovoltaic and photodetection. Among those potential appli-
cations, great efforts have been devoted to photodetectors
based on monolayer graphene and MoS,. Graphene is a gap-
less material, which enables a large-range light absorption over
ultraviolet, visible, infrared and terahertz spectral regimes. The
linear dispersion property of graphene provides tunable optical
absorption according to n-type and p-type doping conditions.
The ultrafast carrier mobility and low dissipation rates enable
ultrafast conversion and ultrasensitive detection of photons.
Besides graphene, ITMDs are a big family with unique elec-
tronic and optoelectronic properties. LIMDs are direct band
gap semiconductors, which are suitable for light harvesting
without momentum dissipation. Because of their distinctive
properties as transparency, mechanical flexibility and tunable
band gap, LTMDs can offer particular advantages in strong light
absorption in visible range. A promising development trend is
the combination of plasmonic nanomaterials and 2D crystal
heterogeneous stacks, which benefits plasmonic effects and
ultrathin thickness resulting in strong light-matter interaction
and sensitive photon detection.

The physical mechanism of photodetection based on 2D
semiconductors is mainly among the photovoltaic effect,
photo-thermoelectric effect and bolometric effect. The genera-
tion of photovoltaic current is arising from the separation of
light-induced electron-hole pairs by built-in electric field or
source-drain The built-in electric field is associated with local-
ized doping and heterojunction with different work-function.
The direction of built-in electric field determines the photocur-
rent direction, and it is independent with the overall doping
level. The photo-thermoelectric effect can be generated by hot
carriers, which plays a dominant role in graphene p-n junc-
tion or suspended graphene. Because photoexcited e-h pairs
will be transformed into hot electrons due to ultrafast process
and strong e-e scattering. The bolometric effect is based on
light-induced inhomogeneous thermal distribution, which is
arising from the change of carrier mobility with variant tem-
perature. In addition, other physical mechanisms can also
create photocurrent, including the photogating effect and the
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plasma-wave-assisted mechanism.['24126] They each can be hap-
pened in a practical photodetector, and it is worthy to be under-
stood when each of them may become dominant.

The mechanism of intrinsic photoresponse of homogeneous
graphene with gate bias tuning was reported (Figure 8a).l'?’]
The origin of photoresponse of grapheme has been studied in
details. A homogeneous graphene ribbon was fabricated on Si/
SiO, substrate acting as the channel of field effect transistor.
In this classic photodetective device, the difference of photocur-
rent polarities due to photovoltaic and thermoelectric effects are
investigated, which are opposite and allow us to directly judge
the dominant role with gate bias changing. First, they investi-
gated the thermoelectric effect in a p-n junction at zero bias.
Next, the bolometric response can be determined by meas-
uring the temperature-dependent current in a gate-biased
device. Finally, a photovoltaic and photo-induced bolometric
effect dominates the photoresponse, which is as large as ten-
times in magnitude compared with the thermoelectric effect.
The characteristic photocurrent can be modulated by electro-
static doping of graphene, which offers a proper way to probe
the hot-carriers induced photoresponse and heat dissipation of
phonons. Another way to break the mirror symmetry of built-in
potential in graphene device is inducing an asymmetric metal-
lization. The first graphene photodetector is demonstrated in a
10 Gbit s7! optical data link.'?8l The maximum external photo-
responsivity was achieved as 6.1 mA W at the wavelength of
1.55 um.

TMDs with direct band gap can offer additional advantages
in photodetection at visible spectral range due to quantum-
mechanical confinement. Benefiting from their layer and
mechanical properties, flexible optoelectronic devices of TMDs
show great potential in photodetection. With the develop-
ment of TMDs grown technology, a variety of 2D semicon-
ductor photodetectors have been widely reported performing
distinctive superiority as shown in Figure 8b. Photodetectors
based on other 2D materials show respective photoresponse,
such as GaTe (10* A W~!), GaSe (2.8 A W7!), GaS (19 A W}),
In,Se; (3.95 A W), WS, (22 uA W1). Besides, the first mono-
layer MoS, photodetector exhibits a low photoresponsivity of
7.5 mA W1, which is at the same level of graphene devices
(6.1 mA W!). The multilayer MoS, photodetector shows a
higher photoresponse up to 100 mA W, which can compete
with Silicon-based devices. In 2003, an ultrasensitive mono-
layer MoS, photodetector with a photoresponsivity as high
as 880 A W! at 561 nm was demonstrated, which shows
100,000-fold enhancement than previous reported.'?! At a
low laser power of 0.15 uW, the dark current increased from
0 to 4 uA. The ratio of photocurrent intensity at on- and off-
state was observed more than 4 when the bias volatage was
controlled at 8 V. The photoresponsivity is ultrasensitive span-
ning from 400 nm to 680 nm due to the band gap absorption.
This exciting results arise from the improvement of electron
mobility in MoS, monolayer, as well as the contact quality and
positioning technique.

The intrinsic absorption of 2D materials is determined by
their electronic band gap, which results in photoresponse in a
limited spectral range. The heterostructures of metal/2D sem-
iconductor can expand the optical absorption in a large spec-
tral range due to plasmonic effects. The mechanism of surface

wileyonlinelibrary.com (17 of 25) 1600430



1600430 (18 of 25) wileyonlinelibrary.com

ADVANCED
SCIENCE

Open Access,

ADVANCED
SCIENCE NEWS

www.advancedscience.com

(a) (b)

Laser beam ——>

Monolayer MoS,

56 nA

www.advancedsciencenews.com

(c)

Contact

NIR Laser

ey

Soey

Laser on/
Dark state ’

--=-- Without Pattern
5, «-- Dimer Array
P, --=-- Heptamer Array E
= o] J . Laser: 10 yW =
: c
¢ Gate: 0V 2
§ o B e &
: o 1 g
i : g
£ .1 : $
i ! T
: V. o
o i =
-804 = \.'(.

4 - 9 ‘

-
Horizontal position (um)

Line Scan Position (um)

0 20 40

4 6

Figure 8. a) lllustration of graphene photodetector with gate bias. Reproduced with permission.['?l Copyright 2012, Nature Publishing Group. b) Upper:
schematic view of monolayer MoS, based photodetector, bottom: gating response in dark/illuminated state. Reproduced with permission.[2%l Copyright
2013, Nature Publishing Group. c) Plasmonic structures coupled bilayer MoS, photodetection. Reproduced with permission.[3% Copyright 2015, ACS.
d) Upper: illustration of nanoantennas sandwiched graphene photodetector, bottom: PL spectral as the function of line scan position. (Inset) polariza-
tion dependent photocurrent response. Reproduced with permission.l'*l Copyright 2012, ACS. e) Two kinds of plasmonic nanostructure enhanced

graphene photodetectors. f) Surface plasmon polaritons coupled graphene

plasmon enhanced photodetection can be understood in two
ways. On the one hand, plasmonic resonances of metal parti-
cles are able to generate a large amount of hot electrons, jump
and tunnel the potential barrier, and inject into 2D semiconduc-
tors resulting in photocurrent. On the other hand, the near-field
enhancement induced by plasmonic effect will enhance the
photon absorption contributing to enhanced light-matter inter-
action (Figure 8c). A near-infrared MoS, photodetector shows
unique interest which is comprised of plasmonic metallic
nanostructures.'3% The plasmonic nanostructure consists
of resonant and non-resonant wires, where the dipolar reso-
nant absorption occurs at 1250 nm. To avoid indirect photon
absorption of bilayer MoS, at 750 nm (1.65 eV), the incident
laser energy is chosen at a much lower energy. Therefore, the
photocurrent comes from the hot electrons generated by reso-
nant wire coupling. The mechanism of hot electron induced
photocurrent amplification was verified by changing the bias

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

photodetector. (e,f) Reproduced with permission.l'34 Copyright 2015, ACS.

polarity. The relative contribution of hot electrons injection and
photothermoelectric effect can be distinguished by the Schottky
barrier. The large photogain, as large as 10°-fold enhancement,
results in a photoresponsivity of 5.2 A W~! at 1070 nm, which
is comparable with similar silicon-based hot electron optoelec-
tronic device.

Plasmonic Fano resonance has been investigated for a few
decades, which is the spectral interference between a broad and
narrow resonance. Because the resonant field enhancement is
extraordinary high, and the narrow Fano line-shape is sensitive
with the environment, it is quite attractive for 2D photodetec-
tion with plasmonic Fano resonant effect. An efficient gra-
phene photodetector was designed by sandwiching plasmonic
heptamer antennas between two single layer graphene films
(Figure 8d).'*! The heptamer antennas consist of seven nano-
disks with the diameter varying from 80 nm to 180 nm, cor-
responding to a Fano resonant frequency from 650 to 950 nm.
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The photocurrent of antenna sandwitched graphene photode-
tector is observed as high as 80 nA, which is 800-fold larger than
the antennaless graphene device. And the internal quantum
efficiency is achieved up to 20% in the visible and near-infrared
spectral range. Besides, there are many similar hybrid devices
based on plasmonic nanostructures. Some researchers fabri-
cated graphene photodetector coupled with nanodisks, dimers
and gratings by using e-beam lithography.'3?l The photovoltage
enhancement can be increased by up to 20 times the plas-
monic induced field concentration at the junction. In addition,
the polarization dependent photoresponse can be selectively
enhanced by employing nanostructures of different geometries.
A new strategy to realize plasmon resonance enhanced multi-
color photodetection is also demonstrated.*¥l A back gated
graphene transistors are first fabricated on SiO,/Si substrate,
then the thermal annealed nanoparticles was transferred by
PMMA film. With the random plasmonic nanoparticles, the
photocurrent amplitude is increased up to 2.2 mA W' with an
average enhancement of the photoresponsivity by more than
400%. This is because of the subwavelength light scattering and
plasmonic resonant absorption effect. It shows that plasmonic
enhanced graphene photodetectors can greatly enhance the
photocurrent and external quantum efficiency by up to 1,500%.
And the selective photodetection, among 500 to 650 nm can be
realized by varying gold nanoparticles size, enabling highly spe-
cific detection of multicolor.

Other types of photodetection devices based on 2D materials
and plasmonics have been reported (Figure 8e,f). A plasmon-
assisted h-BN/Graphene/WS,/Graphene stacked 2D photode-
tectors shows an enhanced external quantum efficiency as high
as 30% due to the strong light-matter interaction in these atom-
ically thin layers.!39 The two graphene layers acting as contact
electrode, and can be individually adjusted via gate bias tuning.
The plasmonic nanospheres acting as optical resonators are
further utilized to increase photoresponse, where the optical
field in the active layer are dramatically enhanced allowing for a
10-fold increase in the photocurrent. They also reported surface
plasmon polaritons coupled graphene photodetectors combing
plasmonic gratings with graphene transistors. Laser excitation
can be achieved by fabricating metallic diffraction gratings,
and SPPs deliver the energy to the contact region of a metal-
graphene-metal, which further result in the overall absorption.
Based on the coupling mechanism, a 400% enhancement of
responsivity and a 1000% increase are achieved with tunable
spectral selectivity below 50 nm bandwidth. A graphene photo-
detection method based on ionic liquid gated plasmonic Ag
nanoparticle is reported, which takes advantages of surface
plasmon enhanced light harvest and ionic liquid induced high
doping efficiency.'*! The photoreponsivity is obtained as large
as 350 mA W at the resonant wavelength of LSPR.

4.3. Photocatalysis

Semiconductors are the most studied photocatalytic materials
which are promising to achieve mass applications of photo-
catalysis. However, no single semiconductor material can realize
this goal due to the intrinsic shortcomings.}3¢137] Take TiO, as
an example, it has many advantages such as earth-abundant
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and nontoxicity, while it suffers from a severe weakness—too
wide bandgap (3.2 eV). This means the onset wavelength that
TiO, can absorb is about 390 nm. TiO, can only make use of
ultraviolet light which represents 5% of solar spectrum energy.
Therefore, the efficiency of TiO, is undoubtedly low in photo-
catalysis. In contrast, one of the reasons why single layer
MoS, have aroused great attention is that it is a direct bandgap
semiconductor and its bandgap is suitable (1-2 eV).20138 To
overcome the defects of semiconductors, researchers have
introduced other materials like dyes into photocatalysis. A
recent new promising approach is integrating plasmonic mate-
rials with semiconductors and the most common structure
in plasmon-enhanced photocatalysis is metal-semiconductor
heterojunction.[19:139:140]

There are mainly three mechanisms involved in the field
of plasmon-enhanced photocatalysis. The first one relies on
plasmonic induced hot electrons.#142 After the excitation of
localized surface plasmon resonances (LSPR), the free electrons
oscillate collectively at the metal surface. As a consequence of
Landau damping, the oscillation in phase gradually becomes
diphase and then forms a non-equilibrium electron distribu-
tion. Consequently, electron-electron scattering can exchange
the energy between high-energy electrons and those with low
energy, leading to a Fermi-Dirac-like electron distribution—hot
electron distribution. This process is completed in timescale of
a few hundred femtoseconds. Next, the hot electrons produced
by the decay of surface plasmons interact with the lattice or
phonons, transferring electron energy to phonons. Therefore,
to efficiently take advantage of hot electrons in catalyzing chem-
ical reactions like water splitting, it is of prime importance to
export plasmonic hot electrons before its decaying. A part of hot
electrons generated by the dephasing of surface plasmons are
able to overcome the Schottky barrier. These electrons increase
the occupation of semiconductor’s conduction band and will
move to the interface of semiconductor/electrolyte solution,
participating in catalytic reactions. The second mechanism
is associated with the enhanced near field caused by surface
plasmon resonances. The electric field at the surface of metal
nanostructures can be largely enhanced when LSPR is excited.
The field intensity decreases exponentially with the distance
away from metal surface. When the semiconductor is close to
metal nanoparticles, the electric field intensity inside the semi-
conductor is dramatically increased, resulting in enhanced light
absorption. Thus the number of generated electron-hole pairs
in semiconductors is significantly raised. Herein, 2D semicon-
ducting materials show their potential for deeper analysis and
more effective modulations of plasmonic properties because
they have single atomic layer thickness in one dimension.
Besides, their shapes are easier to be adjusted, which allows
for fully touch in metal-semiconductor heterojunction like
coating metal nanoparticles with 2D semiconductors. However,
one request must be satisfied to utilize this mechanism that
the plasmon band is required to be overlapping with semicon-
ductor’s bandgap. Hence, the near field mechanism can only
work when the energy of LSPR band is higher than bandgap
energy. The third mechanism is based on farfield effect or
scattering effect. The scattering cross section rises as the size
of metal nanoparticle increases. From the perspective of geo-
metrical optics, the light not absorbed by semiconductor can
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be scattered by metal nanoparticles consecutively. Therefore,
the light path in semiconductor is multiply increased, causing
enhanced absorption in semiconductor. Similarly, this mecha-
nism only makes effects when the energy of scattering light
exceeds bandgap energy.

As the demand for energy is increasing, it is necessary
to substitute renewable and sustainable resources for fossil
fuels. Photocatalysis which converts solar energy into chemical
energy has attracted great interest. Semiconductor metal oxides
are the most often used photocatalytic materials, although the
efficiency is far from the level for practical application. Recently,
researchers pay great attention to 2D materials for their utili-
zation in photocatalysis due to novel properties, such as high
charge mobility rate. Surface plasmons, which can enhance the
absorption of visible light, are integrated to improve the perfor-
mance of 2D materials.

The introduction of plasmonic nanorattles effectively
enhances the performance of molybdenum disulfide (MoS,)
monolayer in hydrogen evolution reaction (HER). Some
researchers deposited Ag nanorattles coated with Au on MoS,
monolayer (shown as Figure 9a), and they found the photo-
catalytic efficiency was improved by virtue of plasmonic hot
electron doping.?”! The core-shell nanostructure was chosen
because of its narrow absorbance linewidth. Besides, as Ag is
very likely to oxidize in water environment, the Au shell could
prevent it from oxidization. When illuminated by 690 nm laser,
corresponding to the wavelength of surface plasmon reso-
nances, the HER activity was increased. From the polarization
curves of HER, the current density was dramatically increased,
rising from =75 uA*cm™ (excited by off-resonance 532 nm
laser) to =125 uA*cm™2 (excited by on-resonance 690 nm laser).

[
(a) ///z
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r-GO-AuNPs

AuNPs

r-GO
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Furthermore, the authors plotted Tafel curve and obtained that
the slope declined from =175 mV per decade to =155 mV per
decade, which illustrated that the reaction rate was accelerated
by exciting surface plasmon resonances. Based on this result,
they believed that plasmonic hot electron played an impor-
tant role in the improved performance. They supposed that
the doping of plasmonic hot electrons and the stress induced
by nanorattles caused the structure phase change of MoS,,
resulting in better photocatalytic activity. According to their
former work, 2H phase MoS, would transform into 1T phase
with the doping of plasmonic hot electrons. In this work, the
new raised Raman peaks of MoS, deposited with nanorettles
confirmed that the 1T phase was produced. Furthermore, they
studied the influence of laser power in HER performance. With
the increasing of laser power, they found the onset potential
gradually decreased and current density went up. This result
was accounted that more plasmonic hot electrons were gener-
ated when illuminated by higher power incident light. In addi-
tion, they derived the phase transition irreversible from the fact
that the improved activity was sustained when the laser power
is decreased.

The degradation of organic dyes is of critical significance in
environmental protection. Some researchers reported a pho-
tocatalyst that could not only enhance the activity of H, gen-
eration from water splitting, but also improve the performance
in organic dye degradation.l') They first synthesized CdSe/
CdS nanocrystals and then deposited Au nanoparticles (NPs)
on them, forming CdSe/CdS-Au core-satellite heterostructure.
Next, they assembled the heterocrystals on graphene nanosheet,
which could further enhance the photocatalytic activity. The
CdSe/CdS core-shell quantum dots (QDs) were chosen due

(b) A,
s

e

Metal

E-field
phere

e cloud

Resonant light trapping

Figure 9. a) Schematic view of single layer MoS, catalysis in hydrogen evolution reaction supported by plasmonic hot electron. Reproduced with
permission.2%l Copyright 2015, RSC. b) The illustration of localized SPR effect induced charge separation and transfer process in heteronanocrystals
supported by graphene. Reproduced with permission.l") Copyright 2014, ACS. c) Graphene-coated gold nanoparticles and the schematics showing
photoconversion mechanism of CO, into HCOOH. Reproduced with permission.'*] Copyright 2016, ACS.
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to the good photostability. In this case, LSPR of Au NPs was
excited by visible light and the enhanced near field promoted
the formation of electron-hole pairs in QDs. The schematic
diagram was shown in Figure 9b. At the surface of QDs, elec-
trons were excited to the conduction band and transferred to
Au satellites, while holes remained at the QDs, which gener-
ated different photocurrent responses depending on whether
having hole scavenger. On the condition that there was free of
hole scavenger in electrolyte solution (NaNO;), the generated
holes moved to the electrode and produced cathode current.
While there exit hole scavenger (Na,S and Na,SOs3) in solution,
the holes would be depleted and the electrons transferred to the
anodic electrode, resulting in adverse photocurrent response.
By comparing the absorption spectra of the heteronanocrystals
with control groups comprised of discrete QDs and Au NPs,
they found that the spectra were not simply the sum of these
parts and deduced that there was interaction between surface
plasmons and excitons.

Next, they studied the photodegradation performance of QD/
Au-G for methylene blue (MB) and Rhodamine B (RDB). For
both kinds of dyes, QD/Au-G showed better ability in photo-
degradation than the reference groups. From this result, it was
not difficult to infer the active effect of plasmon. As for H, pro-
duction from water splitting, QD/Au-G composite also dem-
onstrated best activity among all tested photocatalyst. Besides,
the H, evolution rate was dramatically improved with the help
of graphene, which illustrated the positive role of graphene in
accelerating H, generation. In this work, graphene promoted
the efficiency because of three causes. The first is graphene has
good water-solubility. Secondly, graphene has excellent conduc-
tivity. Therefore, the electrons in QDs could be efficiently trans-
ferred, leading to decreased recombination rate. Thirdly, gra-
phene provided more active absorption and reaction sites. How-
ever, increasing the content of graphene could not continuously
enhance photocatalytic activity as too much graphene could
hinder the absorption of incident light and lessened the active
reaction sites. The most suitable graphene content was about
1%. The maximum H, generation rate was 3113 umol h™! g!
and the quantum yield was estimated to be 25.4% at 450 nm.
This work mainly took advantage of the enhanced near field
produced by LSPR, which improved the absorption of QDs and
thus facilitated the generation of electron-hole pairs.

Another important photocatalytic reaction is the reduc-
tion of CO,, which realizes the depletion of greenhouse gas
CO, and generation of useful products like methane (CH,)
and formic acid (HCOOH). A high-efficiency CO, conversion
photocatalyst that consisted of graphene coated Au nanoparti-
cles (-GO-AuNPs) was synthetized as shown in Figure 9c.'43]
The photoconversion was proposed to take place by two steps.
Firstly, the hot electrons induced by the irradiative decay of
localized surface plasmons transferred to water molecule. H,
molecules were then generated by water splitting. Secondly,
the produced H, reacted with CO,, forming HCOOH and
methanol (CH;0H). The UV-visible spectra showed that Pt-Au
NPs and r-GO-AuNPs had almost same plasmon peak, locating
at 540 nm. In addition, the extinction spectra did not change
after illuminated by Xe lamp for three hours, and 1-GO-AuNPs
showed a litter better performance than Pt-AuNPs in catalytic
efficiency, indicating that 1-GO was possible to substitute for Pt.
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Meanwhile, this catalyst illustrated excellent production selec-
tivity with HCOOH content higher than 90%. From the experi-
ments measuring the quantum and chemical yield of different
photocatalyst, r-GO-AuNPs demonstrated best activity with its
efficiency far exceeding 1-GO (7.6 times) under the irradiation
of Xe lamp. However, the quantum and chemical field of r-GO-
AuNPs were not dramatically increased when excited by NIR
(808 nm) laser, because surface plasmons were not resonantly
excited. These experimental results disclosed that both plas-
monic material and graphene played positive roles in raising
quantum efficiency. The reaction time was estimated to be
about 3 hours and the optimum pH was 9.0 for the photocon-
version. Interestingly, increasing r-GO-AuNPs concentration
adequately resulted in better yield, while too much content
led to declined efficiency. To mimic natural solar illumination,
they measured the quantum and chemical yields under AM 1.5
filter. The result showed much lower yields due to the power
density passed solar filter (0.15 W/cm?) was less than that of Xe
lamp (5.68 W/cm?).

To fully explore the contribution of Au NPs, they carried
out femtosecond transient absorption experiments on r-GO-
AuNPs/TiO, composite. The pump pulse wavelength was
575 nm and the wavenumber of probe light was 2978 cm™.
They discovered that the plasmonic hot electron transfer pro-
cess was completed within 220 fs as the transient absorption
signal reached maximum at that time after excitation. Similar
to the results of quantum and chemical yield, the peak signals
of -GO-AuNPs and GO-AuNPs were 8.7 and 2.8 times higher
than the value of pure AuNPs, respectively. In this work, gra-
phene acted as electron acceptor and transporter because the
plasmon-induced hot electrons were firstly moved to the coated
graphene layer before transferring to water molecules.

5. Conclusion and Outlook

In this review, we summarized the plasmonics of 2D nano-
materials, which include 2D materials as graphene, LTMDCs
and hybridization with nanoparticles as well as nanostructures.
Based on their unique properties and coupling effects, we
proposed several research directions for the light-matter inter-
action studies, plasmonic tuning methods and potential appli-
cations in the future.

First, we elaborated the advanced electronic structures and
optical properties of 2D materials. The plasmonic properties
of 2D materials were further introduced by analyzing the oscil-
lating system of Dirac Fermions. Based on latest studies, we
discussed the coupling effect achieved by the LTMDCs/metal
nanostructure hybrid system, and the multi-oscillators model
which is promising for analyzing complicated system of more
resonant modes. Moreover, controlling configuration properties
such as size, contour, position, and crystalline structures is the
key point to the practical applications. Thus, a new generation
of efficient and accurate fabrication technique is very in need,
and new methods for active material manipulating are also
required to realize more functional modulations."*+1*] On the
one hand, latest configuration method is reported to reduce
oxygen functional groups from graphene oxide into pristine gra-
phene, by the simple and efficient method of microwave pulses
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instead of high-cost CVD technique, 2D materials are closer to
practical applications.'*%l On the other hand, a new CVD pro-
cess without introducing seed layers is inspiring, which ena-
bles the high-quality production of monolayer 2D materials.[*’]
However, the extraordinary properties of 2D materials are still
not ideal and stable in the experimental environment, more
profound studies are in dire need. A recent nanomechanical
testing result reveals the fragile behavior of large-area free-
standing MoSe, membrane, which may come from inherent
defects of 2D materials induced by the configuration or transfer
procedure.'*8 Thus, more proofs should be made for the appli-
cations of flexible electronics because the experimental elastic
strain of semiconducting ITMDCs and metallic graphene may
not be as high as we expected. Interestingly, a Reactive Force
Field Method (ReaxFF) is recently utilized to analyze and con-
trol the defects induced properties of graphene by simulating
interactions of quantities of atoms forced by external perturba-
tions.*% Since the collective oscillations of electrons are also
correlated with crystal defects, this method can be important for
practical plasmonic utilizations of functional 2D nanomaterials.

Then, we reviewed recent researches for the plasmonic
tuning of 2D nanomaterials. The types of doping are summa-
rized including electron injection, gas physisorption, and chem-
ical methods, which can tune plasmonic properties by changing
the carrier density. According to the boundary condition of SPP,
the plasmonic mode of 2D materials can be modulated by con-
structing it into specific pattern. Furthermore, the hybridiza-
tion of 2D materials and metal nanomaterials attracts growing
interest, since the metallic plasmons interact strongly with exci-
tons and 2D material plasmons. 2D materials hybrid structures
such as ZnO/graphene or LTMDCs/photonic crystal compound
stacks show potential to be photodiode for photocurrent gen-
eration or photodetection,®% furthermore, latest SPs induced
nanolasers methods attract great interest, and many groups are
searching for a way to create ultra-small, tunable, thresholdless
and efficient laser sources which can be promising for high-
resolution medical imaging and on-chip optical communica-
tions.[>1152 However, due to the different atomic arrangements
and bonding types between metal and 2D materials, the inter-
facial condition are hard to be controlled. More details about
interfacial processes including charge transfer, energy transfer
and coupling interaction need to be further explored. More-
over, unique properties of 2D nanomaterials compound stacks
cannot be well explained by classical charge transport theory for
bulk semiconductors, the advanced characteristics of ultrathin
2D nanomaterials compound stacks should be studied more
profoundly. In particular, a systematic study of layer-dependent
studies is in need because of the complexity and highly vari-
able nature of the van der Waals interfaces between different
2D materials layers and uncontrollable extrinsic factors in con-
figuration procedures.!>’]

Finally, we elaborated plasmon-induced applications of 2D
nanomaterials. Owing to the ultra-thin nature and strong light-
emitting properties, 2D nanomaterials have great potential for
polarized LEDs and optical labels. 2D materials hybridized with
metal nanostructures are also promising for optoelectronic
devices such as transparent electrodes, photovoltaic devices and
photodetectors. The photocatalytic reactions driven by light are
based on the excitation of hot carriers between the interface of
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metal and semiconductor, which are believed to be promising
for environmental friendly energy generation in the future.
With the continuing researches on printed electronics based on
2D nanomaterials, inspiring applications are found including
wearable sensors and flexible transistors, recently, a method of
UV-pulsed laser technique is carried out to selectively irradiate
reduced graphene oxide (RGO) while keeping the high electrical
conductivity in the paper-based circuit. By combining the 3D
printing technology, it is even possible to develop graphene/3D
nanostructures beyond this planar circuit to enable more
favorable possibilities.'> However, the device parameters for
2D nanomaterials in the nanoscale region are hard to be uni-
fied in large manufacturing process resulting from the com-
plicated configuration steps, the way to practical industrial
production is still long. For applications of photocatalysis, the
charge transfer procedure is always under great concern. The
ultra-fast charge transfer phenomena in LTMDCs/plasmonic
metasurface hybrid structures measured by pump-probe
spectroscopy are recently reported, which can inspire further
studies as ultrafast optical switching of graphene SPs.[13815]
But most reports about plasmon-induced hot electron catalytic
reactions are about metal and traditional semiconductors rather
than 2D nanomaterials, quantified explanations of the ultra-fast
transfer procedure in the hybrid system are still waiting to be
discovered.
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