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nanolensing,[5] sensing,[6] plasmon-
controlled fluorescence,[7] photocatalysis,[8] 
circuits and devices,[9] and photovoltaics,[10] 
etc. Plasmon modes can be generally 
divided into propagating surface plasmons 
(PSPs) and localized surface plasmons 
(LSPs).[11] PSPs can be excited on extended 
metal surfaces by prism coupling or 
grating coupling, but it cannot be excited 
directly by the incident photon. LSPs are 
nonpropagating excitations of electrons 
in metallic nanostructures, and it can be 
excited directly by incident photons as 
momentum matching is not a require-
ment for their excitation because blending 
the relevant systems with metallic nano-

structures breaks translational symmetry.[12] Although there are 
some differences between them, there is no clear boundary.[13]

However, in the past decades, the only widespread practical 
applications of plasmonics are surface-enhanced Raman scat-
tering (SERS) and biochemical sensing because the loss is not a 
key factor for consideration.[14] Unfortunately, many other plas-
monic devices are plagued by losses, such as metamaterials, 
superlenses, solar cells, plasmonic waveguides, color filters, 
etc., due to the nonradiative nature of plasmonic processes. 
Plasmonic devices generally require metallic materials. While 
offering extreme light confinements with ultrasmall mode 
volume, current plasmonic devices face significant challenges 
due to their losses encountered in the metallic components 
with a high concentration of free electrons. These free electrons 
exist in the materials that have negative real permittivity, and it 
is the essential property of any plasmonic materials. In general, 
the losses originate from interband and intraband transitions 
in the visible and infrared regions, respectively.

The spectral width and strength of the SPRs, characterized by 
full-width at half-maximum (FWHM) in transmission, absorp-
tion, reflection, extinction, can be evaluated by the quality factor 
(Q-factor). The losses in plasmonics can be characterized by eval-
uating the Q-factor, which is intrinsically linked to the ratio of 
energy stored to the energy lost by an oscillator.[11] While broad-
band SPRs with typically a low Q-factor are beneficial to some 
applications,[15] such as solar energy conversion, field amplifica-
tion, photodetection, infrared imaging, bolometry, and manipula-
tion of mechanical resonances, several other applications, such 
as spectrally selective thermal emission,[16] absorption filtering,[17] 
SERS,[18] nanolasing,[19] nanolensing,[20] quantum optics,[2a] and 
optical tweezers[21] need narrow spectral linewidths with high-Q 
resonances. For example, a narrow resonance peak is lucrative 
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1. Introduction

Surface plasmon resonances (SPRs), a collective oscillation of 
free electrons in metallic nanostructures excited by the corre-
sponding resonant wavelength of light, have attracted extensive 
attention due to their potential to circumvent the diffraction 
limit of conventional optics and enhanced light-matter interac-
tions.[1] These unique properties empower transformation and 
manipulation of photonics, electronics, and nanotechnology, 
such as quantum optics,[2] nonlinear optics,[3] photodetection,[4] 
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for the plasmonic sensor as they exhibit giant shifts when 
detecting trace analytes; the ratio Q/Veff, where Q and Veff refer 
to the mode Q-factor and effective volume, is used to quantify 
the coupling strength between a cavity, and thus a Q-factor is 
important for achieving strong coupling; the plasmonic wave-
guides take advantage of the light confinement ability, but they 
suffer from significant propagation loss. It should be noted that 
photonic crystals and dielectric microcavities have the superiority 
of obtaining high Q-factors.[22] However, they are not able to sup-
port a resonant mode with a subwavelength mode volume in 
contrast to plasmonic cavities.[23] If one can achieve SPRs with 
high Q-factors, they would get a strong boost for these devices. 
However, the resonance width of LSPs usually does not exceed 
≈100 nm, and the width of PSPs is typically ≈50 nm due to loss 
contributions from interband and intraband transitions, leading 
to a low Q-factor.[24]

Many strategies have been proposed to mitigate or prevent 
losses in plasmonics, such as searching for better plasmonic 
materials,[25] hybrid photonic–plasmonic integration,[14] reduction 
of surface roughness in fabrications,[26] using media with optical 
gain,[27] and utilizing some unconventional plasmonic reso-
nances.[9,11,28] According to reasonable designs, unconventional 
plasmonic resonances can be achieved with high Q-factors. 
Surface lattice resonances (SLRs), which can be attained by 
arranging the nanoparticles into periodic arrays, is the diffrac-
tive coupling of LSPs via in-plane diffraction orders.[29] SLRs can 
suppress the radiative damping of plasmonic resonance to obtain 
a high-Q factor, promising for plasmonic band-edge lasing, 
Bose–Einstein condensation, strong light-matter coupling, etc.[11] 
Plasmonic Fano resonances and plasmon-induced transparency 
(PIT) can be observed by breaking the nanostructure’s sym-
metry, reducing or even completely inhibiting the radiation loss, 
which has useful applications in sensors, optical switches, and 
slow-light devices.[28a] Moreover, multipolar resonances, plas-
monic guided-mode resonances (GMRs), and Tamm plasmon 
resonances can also be used to decrease the resonance linewidth 
inunconventional plasmonic resonances.[9,28b,c]

This review article aims to describe some methods for achieving 
high Q-factor plasmonic resonances and their usages at various 
application levels. This paper is organized as follows. In Section 2, 
we introduce design principles for achieving high-Q plasmonic 
resonances. In Section  3, we focus on describing the physical 
interpretations and resonances mechanisms of these uncon-
ventional high Q-factor plasmonic resonances, including SLRs, 
multipolar plasmonic resonances, plasmonic Fano resonances, 
plasmon-induced transparency, GMRs, and Tamm plasmon 
resonances. In Section 4, we review applications of high-Q plas-
monic resonances, such as spectrally selective thermal emission, 
sensing, single-photon emission, filtering, and band-edge lasing. 
Finally, we conclude this review with comments and outlook.

2. Design Principles for High-Q Plasmonic 
Resonances
2.1. Limiting Factors for the Resonance Quality

Q-factor can be characterized by the surface-plasmon dephasing 
times (T2), in which the coherently oscillating electrons lose 

their phase, and they crucially influence the linewidth Γ of the 
SPR.[30] The relationship between T2 and Γ can be represented 
by equation Γ  =  2ℏ/T2.[31] Typical electron dephasing times in 
silver are 10–60 fs, and for gold are 1–10 fs in the plasmonic 
region.[32] Radiation damping and electron–electron scattering 
are fast decayed in metal nanoparticles, which leads to a short 
lifetime of SPR, resulting in a broad linewidth of LSP resonance 
of the particles. Considering different applications that have dif-
ferent definitions of the Q-factor,[31,33] we use commonly-used 
definition—it can be expressed as Q = λmax/Δλ = ω/Δω, where 
λmax is the maximum resonance wavelength, and Δλ is the 
FWHM at resonance wavelength.

To improve the Q-factor of the SPRs, we need to understand 
the factors that influence the linewidth of SPR. For PSPs and 
LSPs, the linewidth of plasmon resonances is mainly deter-
mined by both nonradiative and radiative damping.[18] In the 
particle plasmon, nonradiative damping occurs via excitation 
of electron–hole pairs, which can be divided into two catego-
ries: intraband excitations within the conduction and interband 
excitations originating from transitions between d-bands and 
the conduction band in noble metals, as shown in Figure 1a.[31] 
Suppression of interband damping can reduce the plasmon 
dephasing rate and increase the Q-factor. This intrinsic non-
radiative damping is interrelated with the imaginary part of 
the dielectric function, which indicates that the energy and 
the momentum of the collective electrons can be dissipated 
inside the metal.[34]

For nanoparticles embedded in the matrix, chemical inter-
face effects cannot be neglected because the scattering rate of 
the conduction electrons is increased.[35] Such chemical inter-
face damping provides an extra nonradiative decay channel 
for the plasmon resonance. On the other hand, the radiative 
damping occurs via transforming particle plasmons into pho-
tons, which is a process that does not exist in classical physics 
and needs to be treated with quantum mechanics.[32] Generally, 

Figure 1.  a) Schematic representation of radiative and nonradiative decay 
of particle plasmons. b) The main process of damping loss in PSPs.
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radiative decay can be addressed by coherent couplings between 
the relevant optical excitations, leading to the super-radiant 
(bright mode) and subradiant (dark mode) behavior.[24,34] These 
decays have size-dependent effects.[36] For the size of nanopar-
ticles less than 20 nm, electron-surface scattering is an impor-
tant dephasing mechanism for the plasmon electrons.[37] As the 
particle size increases, the contribution of subradiant damping 
becomes more severe.[18] Moreover, direct emission of electrons, 
increased Landau damping, and grain boundary scattering can 
also influence the decay of the particle plasmon.[38]

Especially for the PSPs, the main damping loss can be 
divided into three parts: scattering loss, propagation loss, and 
inherent loss, as shown in Figure 1b.[39] Aside from the intrinsic 
properties of the materials, fabrication limitations such as 
grain boundaries, surface roughness,[40] and adhesion layers 
also cause the contribution to plasmon damping.[41] Due to the 
strong damping effect, the resonance linewidth is several hun-
dred nanometers in the visible and near-infrared, which leads 
to a very low Q-factor.[42] Thus, the main method to increase 
the Q-factor is to suppress nonradiative and radiative damping.

Typically, the dampening in LSPs is larger than that of 
PSPs, leading to a broader spectral linewidth and lower 
Q-factor in LSPs.[43] For example, the typical linewidth of LSPs 
is more than 80  nm for Au nanoparticles, but it is ≈50  nm 
for Au films.[11] Changing the spherical particles into nanorods 
can also lead to a narrower linewidth.[44] However, changing 
the size and shape of nanoparticles does not lead to significant 
improvement of Q-factors, as already intensively proven.[45] 
For simple nanostructures, the Q-factor is determined only 
by the complex dielectric constant of the metal, independent 
of the nanoparticle shape or the dielectric environment, indi-
cating that once the material and resonant frequency are 
chosen, there is little to do to improve the sharpness of the 
plasmon resonances.[33]

2.2. Solutions for Achieving High-Q Plasmonic Resonances

Many schemes for achieving high-Q plasmonic resonances 
have been proposed, as shown in Figure  2. Alternative plas-
monic materials, such as alloys, heavily doped semiconductors, 
Dirac semimetals, and graphene, have been investigated, as 
shown in Figure 2a.[25] These alternative materials have poten-
tial applications at different frequencies. For example, graphene 
has a higher-Q factor in the THz region, and oxide semiconduc-
tors are usually lossless at the telecommunication wavelength. 
The interaction between nanoparticles and the substrate can 
modify the optical response of the nanoparticle, as illustrated 
in Figure  2b. Halas et  al. used a substrate-induced modifica-
tion to reduce linewidth and enhance the scattering intensity 
of the plasmonic nanoparticles.[46] The narrowing spectrum 
originated from a substrate-mediated hybridization of the 
dipolar and quadrupolar plasmons, lowering the radiative loss 
of nanoparticles.[47] Lowering operating temperatures can sig-
nificantly reduce the collision frequency of electrons, leading 
to an improved Q-factor, as depicted in Figure 2c.[48] Kim et al. 
have predicted that Q-factor can be a hundred-fold increased 
by lowing temperature from 300 to 20 K.[48a] Using proper fab-
rication techniques, one can reduce the surface roughness of 
plasmonic nanostructures to boost the Q-factor via reduces 
the surface collision damping of PSP modes, as shown in 
Figure  2d.[26] For example, since lithographically—defined 
nanostructures have more plasmon damping than wet-chem-
ically synthesized nanoparticles, Bosman et  al.[26] and Tobing 
et  al.[49] have demonstrated that by encapsulated annealing or 
decreasing the deposition rate to reduce the grain boundaries, 
the Q-factor can be further enhanced. Hybrid metal-dielectric 
nanostructures take advantage of both plasmonic and all-
dielectric nanoantennas to compensate for the low Q-factor 
of plasmonics, as illustrated in Figure  2e.[50] This hybridized 

Figure 2.  A summary of methods for achieving high-Q plasmonic resonances. a) Alternative plasmonic material. b) Substrate-induced modification. 
c) Lowing operating temperature. d) Improving the fabrication technique. e) Hybrid metal–dielectric nanostructure. f) Gain-assisted approach. g) SLR. 
h) Multipolar resonance. i) Fano resonance. j) PIT. k) GMR. l) Tamm plasmon resonance.
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plasmonic system can tailor the optical responses and exhibit 
extremely narrow transmission peaks. An alternative method 
is to use gain materials or gain-assisted structures to com-
pensate for the intrinsic Ohmic losses in metals, as shown in 
Figure  2f.[39] By incorporating gain-assisted approaches into 
plasmonic systems, propagation length of surface plasmon 
(SPs) and total electric and magnetic field response are 
enhanced, offering a promise for designing compact devices 
and surface plasmonic lasers.[51]

By reasonable design, some unique plasmonic resonances 
can be achieved with high-Q factors. Plasmonic SLRs are mixed 
light-matter states in periodically arranged metallic arrays 
when their spacing can support a standing wave of optical-fre-
quency light.[52] The plasmonic SLRs can mitigate losses and 
reduced the FWHM of the resonances below 10 nm, as shown 
in Figure  2g. Compared with dipole resonance, higher-order 
modes can serve as electromagnetic modes that have a lower 
radiative loss, as illustrated in Figure  2h.[28b] By introducing 
symmetry breaking, Fano resonances can be achieved, as 
depicted in Figure 2i. Radiative loss is highly suppressed in the 
Fano resonances because it does not interact directly with the 
propagating electromagnetic wave.[53] PIT can be viewed as a 
special of Fano resonance, while it has a symmetric Lorentzian 
lineshape, as shown in Figure 2j.[54] Plasmonic GMR is a phe-
nomenon related to subwavelength diffraction grating couple 
with dielectric waveguides. Due to the presence of the dielectric 
layer in the guided mode, it has a considerable propagation dis-
tance of the light wave, and a high resonance quality is easy to 
obtain, as illustrated in Figure 2k.[55] With alternating dielectric 
bilayers (low and high refractive index), Tamm plasmon reso-
nances demonstrate intense and narrow resonances due to low 
dissipation losses of dielectric layers, as shown in Figure 2l.[56] 
In Section 3, we will introduce six plasmonic resonance modes 
toward high-Q resonance.

3. High-Q Factors with Various Resonance Modes

3.1. Surface Lattice Resonances

When arranging nanostructures in 1D or 2D periodic arrays by 
reasonable design, the interaction among them can strongly 
be enhanced via near-field coupling and far-field coupling, 
resulting in an array-induced resonance called SLRs. The SLRs 
are also called collective resonances and can suppress the radia-
tive damping of plasmonic resonance. SLRs originate from the 
LSPs coupling with diffractive orders of the array.[57]

Properties and applications of SLRs are comprehensively 
reviewed in refs. [11] and [58]. Schatz and co-workers first carried  
out theoretical studies of the SLRs.[59] Using the coupled dipole 
approximation (CDA) method, they reported that collective 
excitations in 1D and 2D plasmonic arrays have a possibility of 
achieving extinction linewidth orders of magnitude narrower 
than those of an isolated nanoparticle.[52] In 2008, experimental 
verification of the effect was realized by studying 2D rectan-
gular Au nanoparticle arrays.[60] In the CDA method, an array 
of nanoparticles is replaced by an array of electric dipoles. The 
width of SLRs is governed by Im(1/αs-S), where αs is the polar-
izability and S is the dipole sum, and it can be compensated 

by matching Im(1/αs) and Im(S).[11] Although the CDA gives a 
physical understanding and analytic framework for SLRs, it is 
not able to describe contribution from higher-order resonances. 
Multipole methods, such as Doyle’s approximation, modified 
long-wavelength approximation, frequency-domain T-matrix 
method, boundary element method, and finite difference time 
domain (FDTD) method, can be used for describing contribu-
tions of higher-order in SLRs.[52]

The SLRs can be observed in nanoparticle pairs,[24] 1D 
chain,[59b] 2D arrays,[29] and 3D structures.[61] The quality and 
the linewidth of SLRs generally depend on the array period, 
arrangement, array size, particle size, position or size dis-
order, and the surrounding medium, as shown in Figure  3. 
For example, the linewidth becomes sharp and pronounced 
by increasing the period, as shown in Figure 3a.[62] Humphrey 
et  al. demonstrated that no particular array arrangement has 
an obvious advantage over other geometries in terms of SLR 
linewidth, as shown in Figure  3b.[63] Using the CDA method, 
Rodriguez et  al. reported that the Q-factor of SLRs could be 
increased with increasing array size,[64] as shown in Figure 3c. 
Le-Van et  al. experimentally demonstrated that Q-factor could 
be tuned by changing the nanoparticle size, as illustrated in 
Figure  3d.[65] By increasing the width of the nanorods from 
30 to 56  nm, the Q-factors of the SLRs can increase from 98 
to 325. This change can be attributed to the modification in 
coupling strength between the Rayleigh anomalies (RAs) and 
LSPs. Concerning disorder, including positional disorder, size 
disorder, and quasirandom disorder, which affects SLRs. As 
shown in Figure 3e,f, positional disorder impairs, and particle 
size disorder broadens the linewidth of SLRs.[66] 2D arrays of 
gold and silver nanoparticles have been extensively studied 
but failed to obtain sharp spectral features from theory and 
experiment.[57b,59a] Auguie et  al. explained the phenomenon—
previous studies did not take medium environment, incident 
angle, particle volume, and aspect ratio into account.[29] A 
homogenous environment is necessary for the SLRs excited 
at normal incidence. The presence of a substrate can suppress 
diffractions, while when embedding the arrays into a homoge-
neous environment, the diffractive coupling between light and 
lattice surface modes emerges, giving rise to a sharp spectral 
line feature.[67] For example, Chu et  al. designed 2D nanopar-
ticle arrays embedded in the water environment to achieve a 
grating constant and refractive index matching. Li et  al. pro-
posed a novel method to get ultrasharp plasmon resonances 
and relieve the index-matching requirement.[68] The structure 
used periodic indium tin oxide (ITO) nanorod arrays vertically 
aligned on a gold film, which can change the dipole resonance 
to a monopole resonance. These resonances have ultrasharp 
lineshapes due to plasmonic photonic coupling.

In the cases mentioned above, SLRs arise from the diffrac-
tive coupling of LSPs of individual particles, where the array in 
the plane confines the dipole moment of the LPRs. Since the 
scattering energy of in-plane dipole is not strongly localized in 
the plane of the nanoparticle array, most of the energy is rera-
diated into the free space without being coupled to adjacent 
nanoparticles. A new type of subradiant lattice plasmon—an 
out-of-plane dipolar lattice resonance—has been proposed by 
Zhou et  al.[69] Figure 4a shows the designed structure images 
of Au nanoparticle arrays embedded in a polyurethane (PU) 
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matrix. By changing the nanoparticle height (>100  nm) or 
incident excitation angle, out-of-plane lattice resonance can be 
statically tuned, and a narrow resonant linewidth of ≈5 nm can 
be obtained, as shown in Figure 4b. In this type of resonance, 
plasmon oscillations are perpendicular to the array plane, and 
an out-of-plane dipole oscillation can present together with an 
in-plane dipole oscillation, leading to a narrow subradiant dip. 
This out-of-plane lattice can strongly trap the incident light and 
induce a large field enhancement in the nanoparticle arrays. 
It was shown that SLRs have much worse performances in a 
less symmetric environment. Based on the advantage of out-of-
plane lattice resonance, Yang et al. proposed a metal–insulator–
metal (MIM) structure that supported SLRs nanopillar arrays, 
in which a Q-factor of 147 was obtained in an asymmetric dielec-
tric environment.[61] Recently, an ultranarrow 0.9 nm linewidth 
in the visible region has been reported using the out-of-plane 
SLRs method.[70] This out-of-plane lattice plasmons can be used 

to lower the gain thresholds for surface plasmon amplification 
by stimulated emission of radiation (spaser).[57a]

Since SPs can interact with each other over long distances, 
multiscale patterning of plasmonic structures has been pre-
sented for novel optical properties.[71] These hierarchical plas-
monic structures can significantly narrow resonance linewidth 
by coupling of single-patch lattice resonance with Bragg dif-
fractive orders. The narrower lattice plasmon resonances 
are named superlattice plasmon resonances, and a typical 
structure is shown in Figure  4c.[72] Compared with infinite 
nanoparticle arrays, the 2D hierarchical arrays show a narrower 
superlattice plasmon resonance, in which a 7  nm FWHM is 
illustrated in Figure 4d. The superlattice structure can support 
multiple band-edge modes and manipulate the output behavior 
of different lasing modes.[19b]

Another way to narrow lattice resonance linewidth is to use 
the plasmon hybridization methods by designing a hybrid 

Figure 3.  a) Measured extinction cross-section spectra of asymmetric disc dimers (ADDs) arrays with different lattice constants. The structural 
parameters of two discs are diameter d1 = 85 nm, d2 = 115 nm, height h = 30 nm, and a center-to-center separation c = 150 nm. The four solid lines, 
from left to right, represent the lattice constants of ADDs with 350, 400, 450, 500 nm, respectively. b) Measured extinction spectra of particle arrays 
with different particle arrangement. The insets are scanning electron microscopes (SEMs) of the arrangements; from top to bottom, each represents a 
square lattice, a triangular lattice, and a honeycomb lattice. c) Calculated Q-factor of SLRs as a function of the number of particles along each dimen-
sion of the array. d) Measured extinction spectra of the Ag nanorods arrays at normal incidence. Three nanorods arrays have the same periodicity 
(px = 340 nm, py = 420 nm), but different widths of w = 30 nm (blue), w = 42 nm (red), and w = 56 nm, respectively. e) Measured extinction spectra 
obtained from five different arrays of nanoparticles. The arrays differed only in the degree of disorder of the particle positions. The nominal particle 
sizes were 120 × 80 × 35 nm3. f) Measured extinction spectra from arrays of nanoparticles with regular positions but a variation in particle sizes. 
a) Reproduced with permission.[62] Copyright 2016, American Chemical Society. b) Reproduced with permission.[63] Copyright 2014, American Physical 
Society. c) Reproduced with permission.[64] Copyright 2012, Elsevier B.V. d) Reproduced with permission.[65] Copyright 2019, Wiley-VCH. e,f) Reproduced 
with permission.[66] Copyright 2009, Optical Society of America.
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structure or higher multipole resonance coupling.[73] If SLRs 
are excited in this hybrid structure, strong interactions of the 
near field in SPs can be observed, and the optical response is 
completely modified accordingly.[74] Based on this method, 
Baur et  al. proposed a periodic array with a multiparticle 
unit cell structure to control the optical response of narrow 
bandwidth.[73a] The system supports the collective plasmon 
resonance, which is quite different from that SLR supported 
by a single nanoparticle. The interaction between single lat-
tice resonances can be canceled or maximized by controlling 
the particle position. Moreover, non-Bravais lattices struc-
ture have been reported to obtain the hybridization lattice 
resonance.[73b] Figure  4e shows the structure that can produce 
SLR hybridization because of the different orders of LSPs cou-
pling in the adjacent nanoparticles. Lasing action proves that 
dipole-quadrupolar coupling is allowed at the Γ point where 
asymmetric electric field distributions show multipolar LSP 
superposition. Figure  4f is the measured transmission spec-
trum of the lattice structure showing a sharp resonance with 
an FWHM of 5 nm, as shown in Figure 4f. Thus, hybrid SLRs 
provide another route for achieving high-Q resonance.

Other methods have been used to obtain high-Q lattice reso-
nance. Li et  al. demonstrated that periodic all-metal nanowire 
and nanoring arrays could be used to realize ultranarrow 
linewidth.[75] When SLRs were excited, two narrow absorption 
peaks with 9 and 12 nm FWHM were achieved, respectively. In 

addition, quadrupolar lattice resonances have been excited by 
cylindrical vector beams, which exhibits a narrow line shape with 
an FWHM of ≈30 nm.[76] Noble metal plasmonic materials can be 
substituted by other materials with low interband loss properties 
to mitigate material losses.[25,77] Doped graphene has been used 
to excite SLRs, leading to a strong optical field enhancement.[78] 
Yang et  al. used Al nanoparticle arrays embedded in polydi-
methylsiloxane (PDMS)—the spectra can be dynamically modu-
lated, exhibiting high-Q resonances with FWHM of 5 nm. This 
offers a route to realizing tunable spectra for practical applica-
tion.[79] For high-temperature applications, SLRs using refractory 
titanium nitride (TiN) 2D structures were achieved in the com-
munication wavelength range, with a Q-factor value of 2000.[80]

In summary, SLRs offer potential prospects to suppress radi-
ative losses due to the diffractive coupling of the LSP associated 
with individual nanoparticles, achieving remarkably narrow 
linewidth down to a few nanometers. The typical resonance 
properties of SLRs are discussed in this section. Compared 
with an individual plasmonic nanoparticle with a broadband 
line width (FWHM > 100  nm), a nanoparticle array in a uni-
form dielectric environment can exhibit ultrasharp SLRs with 
FWHM < 10  nm. However, the problem of SLRs is that the 
spectral intensity is usually weak. By coupling SLRs mode with 
various types of matters, one can achieve enhanced perfor-
mance in many possible applications, such as quantum optical 
source, lasing, ultrasensitive biodetection, etc.

Figure 4.  a) SEM images of the out-of-plane lattice structure, where Au nanoparticle arrays are embedded in the PU matrix. The diameter of the Au 
nanoparticle is 160 nm, the period is 400 nm. b) Measured height-dependent reflectance spectra of Au 2D nanoparticle arrays under TM-polarized 
light. The height of Au particle h = 65, 100, 120, 170 nm. The narrow spectral peak strongly depended on the height. c) SEM images of 2D superlattice 
nanoparticle arrays and d) measured transmission spectra. The nanoparticle diameter is 140 nm, and the period is 600 nm. The patch side length is 
6 µm, the period is 9 µm. e) SEM image of a fabricated honeycomb lattice of Ag nanoparticles. (Inset) Calculated electric field distributions at Γ1 mode, 
which shows the asymmetric spatial distributions. f) Calculated and measured transmission spectra of the lattice. The diameter of the Ag nanoparticle 
is 110 nm, height is 50 nm, and the lattice period is 400 nm. a,b) Reproduced with permission.[69] Copyright 2011, Springer Nature. c,d) Reproduced 
with permission.[72] Copyright 2015, American Chemical Society. e,f) Reproduced with permission.[73b] Copyright 2019, American Chemical Society.
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3.2. Multipolar Resonances

When the particle size is much smaller than the incident wave-
length, the electric field drives the conduction electrons to 
oscillate to form a dipole resonance mode. In contrast, when 
the particle size is comparable to or larger than the incident 
wavelength, the dipole mode is redshifted, forming a broad 
resonance, accompanied by multipole modes generated at high 
frequencies.[81] The multipole mode is subradiant (dark mode), 
and it has weak radiative damping when compared with that 
of the dipole. Therefore, single multipolar resonance can be 
utilized to obtain a high-Q factor due to the reduced radiation 
damping and weaker coupling with light.[82] To compare dipole 
and multipolar resonances, we theoretically calculated scat-
tering cross-sections of a metal-dielectric core–shell nanopar-
ticle using the Cartesian multipole decomposition method[83] to 
get the single multipolar scattered power, as shown in Figure 5. 
In essence, high-order electric and magnetic resonance have 
an obvious higher Q-factor than that of the first-order dipole 
resonance.

For a symmetric structure, dark plasmon modes cannot be 
directly excited by a plane wave. Alternatively, it can be stimu-
lated by nonoptical means such as electron beams impinging 
in the near-field region.[84] For example, electron-energy-loss 
spectroscopy (EELS) can be used to excite the single nondi-
pole mode[84] or multiple modes.[85] Focused radially-polarized 
beams show opportunities for exciting the higher-order LSP 
resonances and enhancing the extinction efficiency.[86] Also, 
dipole emitters can be used to excited dark surface-plasmon 
modes as they do not radiate or couple incident plane waves, 
and thus they do not have any radiative losses.[87] Multipolar 
resonance can be excited by the incident electric field directly 
via breaking the excitation symmetry.[88] Moreover, owing to 
the dark mode of higher-order resonance, resonant spectra of 
multipole have a different angle- and polarization-dependent 
properties compared with their dipole counterparts.[89]

Various multipolar plasmonic resonances can be excited by 
controlling particle size,[90] shapes,[91] symmetry breaking,[92] 
as well as in large planar metamaterial structures.[93] For 

instance, individual sliver nanorice[94] or nanorod[95] can also 
be used to generate multipolar resonances by oblique illumi-
nation, and their multipolar plasmon resonances linewidth can 
be observed from the theoretical calculation. Figure 6a shows 
the experimental observation spectra of multiorders resonance 
in a single Ag nanorod at different lengths.[95] With the length 
of nanorod increases, high order modes can be observed, and 
the resonance peak position is also changed. Figure 6b shows 
the measured Q-factors with several multipolar peaks on an Al 
nanorod, and it reveals that high-order resonance can improve 
the Q-factor.[96] Besides, nanoparticle dimers can be predicted 
not only to generate the multipolar resonance (Figure  6c) but 
also to give rise to collective multipolar oscillations.[97] Other 
methods, such as using an elliptical split nanoring to suppress 
the radiative damping and generate a high-order resonance, 
have been put forward to excite multipolar resonances.[98] For 
these single nanostructure, the emission intensity is relatively 
low, as shown in Figure  6d. Giannini et  al. demonstrated 
that SLR modes could couple the multipolar resonance and 
enhance emission efficiency and Q-factor significantly.[28b] The 
multipolar resonance mentioned above usually refers to lon-
gitudinal plasmons. Tobing et  al. have demonstrated that an 
unexplored hybrid magnetic–electric mode in ultrasmall Al 
u-shaped and v-shaped split-ring resonators (SRRs) at short vis-
ible wavelengths, which terms as transverse plasmons.[99] The 
preferential excitation of transverse plasmons in multipolar 
resonance may be another way to obtain high Q-factors.

In summary, single multipole resonance can generate a high-Q 
resonant factor due to their weak radiative damping theoretically. 
However, it is hard to obtain experimentally, and the reradia-
tion energy is smaller because these resonances cannot couple 
efficiently to far-field radiation, leading to a strong reduction in 
emission efficiency.[28b] Moreover, their resonant frequencies are 
very close to each other and easy to form a broad spectrum with 
an overlap. Thus, single multipolar resonance is difficult to be 
excited and observed. Multipolar resonance can be enhanced by 
coupling polarized light with antisymmetric distribution due to 
the electrodynamic retardation between the multipole resonance 
and the diffraction field in the plane of the array.

Figure 5.  a) Cross-section view of the Ag core–shell structure, where r = 76 nm, R = 200 nm, and the refractive index of the dielectric is 3.6. b) The scat-
tered power and the field enhancement distribution for the core–shell structure. The gray background represents the total scattered power. The peaks 
from right to left are generated by electric dipoles, magnetic dipoles, electric quadrupoles, magnetic quadrupoles, and magnetic octupoles, respectively.
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3.3. Plasmonic Fano Resonances

Another promising method to suppress radiative damping is 
to use plasmonic Fano resonance. In complex plasmonic nano-
structures, the radiative coupling of dipolar (super-radiation) 
and multipole (subradiation) resonances give rise to the Fano 
resonance.[100] Many review articles have discussed the principle 
and application of the Fano resonance.[28a,101] Fano resonance 
can be obtained by symmetry breaking, leading to a spectral 
interference between broad continuum resonance and a narrow 
discrete resonance, and then form an asymmetric peak-and-dip 
spectral profile, as illustrated in Figure 7a.[102] As the Fano reso-
nance can reduce or even completely inhibit the radiation loss 
in plasmonic nanostructures, a high Q-factor is easily attainable 

in the system. Various nanostructures have been designed and 
explored, such as single,[103] double,[84,104] or multiple[105] sym-
metry-breaking metallic nanostructures, waveguide-coupled 
structures,[106] metamaterials, and metasurfaces.[53,107] Control-
ling the phase of light in symmetric structures, such as use 
focused cylindrical vector beams,[102b] can also be used to gen-
erate Fano resonance.

Here, this review highlights the ultranarrow Fano resonance 
because it is challenging to realize not only due to radiative 
losses but also Joule losses. In Section 3.1, we have discussed 
that SLR can be used to generate the Fano-type lineshape due 
to the coupling of collective diffractiveand LSPs. For the plas-
monic Fano system, a unit cell of the nanostructure can give 
rise to Fano resonance, which is quite different from SLR. For 

Figure 6.  a) Dark-field scattering spectra of Ag nanorods with different lengths. The diameter of Ag nanorods is 35 nm, and their lengths are 104, 258, 
426, 497 nm for i, ii, iii, and iv, respectively. The resonant orders are denoted on top of each peak. (Inset) SEM images of the corresponding nanorods 
and the scale bars are 200 nm. b) Left: Measured Q-factors as a function of their energy of resonances, where m = 1 represents dipole, m = 2 represents 
quadrupole and following modes of order up to 4. It shows that the dipolar modes have relatively low Q-factors between 2 and 4. For m = 4 modes, the 
Q values can reach higher from 5 to 8. Right: measured EELS intensity maps of the corresponding plasmonic structure from m = 1 to 4 (from bottom 
to top). c) Calculated extinction spectra for the Ag nanocube dimer at varying separation distances (2, 4, 8, 10, and 20 nm). d) The electric field and 
the calculated extinction cross-section of single Au (i) and array (ii) of the nanoantenna. For a single Au nanorod, the electric field exhibits a four-lobed 
(multipolar) distribution at the frequency of the 3λ/2 resonance. The electric field of the array shows that antisymmetric distribution along the long axis 
(red dashed lines). The gold nanoantenna array shows a narrower and larger extinction spectrum than individual nanoantenna due to the collective 
multipolar resonance under oblique incidence, which indicates that the intensity of multipolar resonance can be enhanced by SLR modes. The structure 
of a nanoantenna has a height of ≈38 nm, length of ≈450 nm, and width of ≈130 nm. The lattice constant of the array ax = 600 nm and ay = 300 nm, and 
the dimension is 3 × 3 mm2. The nanoantenna array is placed on a glass substrate covered by a layer of PVB with a thickness of 50 nm. The incident 
electric field is polarized along the x-axis, the wave vector is in the (y, z) plane. a) Reproduced with permission.[95] Copyright 2013, The Royal Society of 
Chemistry. b) Reproduced with permission.[96] Copyright 2014, American Chemical Society. c) Reproduced with permission.[97] Copyright 2019, National 
Academy of Sciences. d) Reproduced with permission.[28b] Copyright 2010, The American Physical Society.
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a simple single metallic nanostructure, the symmetry can be 
easily broken by changing the shape or location of the nano-
structure, which provides a convenient way to excite or couple 
subradiant modes.[108] Based on this strategy, Wang et  al. pro-
posed a planar plasmonic structure, as shown in Figure 7b. It is 
composed of double symmetrical U-shaped SRRs and embed-
ding a metallic nanorod between the two SRRs to excite the 
resonance mode.[109] In the stacked nanostructure, two Fano 
resonances were achieved in the near-infrared region due to a 
strong interplay between a broad bright mode and narrow dark 
modes, as shown in Figure 7c. Using the dark mode in the Fano 
resonances, it exhibited a high refractive-index sensing sensi-
tivity of 1360 nm RIU−1. Moreover, another symmetry breaking 
method can be introduced by using a dielectric substrate with 
an Ag nanocube.[103] The substrate-induced Fano resonances 
can be formed by coupling a dark quadrupolar and a bright 

dipolar plasmon mode at the sharp corners of the cube, which 
can significantly narrow the width of resonance. In contrast 
to a single metallic structure, a metamaterial absorber is easy 
to be integrated, and the absorption band is convenient to be 
adjusted, which provides a simple method to generate the Fano 
resonance.[110] For example, Cao et al. proposed an asymmetric 
split ring planar metamaterial structure. By changing the 
degree of structural asymmetry to cause destructive interfer-
ence, the value of the Q-factor could be tuned, and an optimum 
Q-factor value of 227 was observed at terahertz frequencies.[53] 
Zhang et al. introduced an asymmetric double elliptical cylinder 
resonator array on the top layer of the structure of the meta-
material.[111] The array can generate antiphase currents induced 
by the quadrupolar mode, and a strong magnetic field is con-
fined in the gap, decreasing the radiative loss of the Fano mode. 
With theoretical calculations, an 8 nm FWHM absorption peak 

Figure 7.  a) Illustration of the Fano resonance as a superposition of the Lorentzian line shape of the discrete level with a flat continuous background 
and form an asymmetric peak-and-dip spectral profile. b) Schematic diagram of the designed planar plasmonic structure. The corresponding geometric 
parameters are given as follows: a = b = 300 nm, d1 = d2 = 30 nm, c = e = f = 60 nm, and the thickness is 60 nm. c) Simulated scattering spectra of SRRs 
alone (green), nanorod alone (blue) and, SRRs/Rod (red) structure. d) Schematic diagram of the plasmonic waveguide structure, consisting of two 
MIM waveguides and two rectangular cavities. e) The finite-element analysis method (FEM) (blue lines) and multimode interference coupled-mode 
theory (MICMT) (red lines) simulation results of the transmission spectrum of the asymmetric plasmonic system, where ∆H = H2 − H1. b,c) Repro-
duced with permission.[109] Copyright 2013, Optical Society of America. d,e) Reproduced with permission.[112] Copyright 2016, Optical Society of America.
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is observed, with the absorption amplitude exceeding 99% at 
930 nm.

Another way is to use the waveguide-coupled structures to 
arouse the Fano resonance. In these structures, the metallic 
nanostructure arrays are deposited on a dielectric layer, in 
which metallic nanostructure arrays can generate a broad 
radiant mode, and the low loss dielectric waveguide can intro-
duce the narrow subradiant mode.[101] Thus, a much sharp Fano 
resonance can be easily obtained by coherent interaction with 
the coupled two modes. In this system, an effective way is to 
use the cavity structures.[112] Figure  7d exhibits a waveguide-
cavity structure, which comprised two MIM waveguides with 
two rectangular cavities. Triple narrow Fano resonances were 
observed in the transmission spectra, as shown in Figure  7e. 
This result indicates that a strong trapped resonance occurs in 
the cavity resonator, resulting in a narrow transmission peak. 
Lee et al. utilized capped gold nanoslit arrays on a polymer film 
to enhance Fano resonance. The structure can also produce 
a cavity resonance mode and a plasmon resonance mode; a 
3.68 nm FWHM was measured at the visible light range.[113]

Other methods have been put forward to generate high-Q 
Fano resonance. For example, Srivastava et al. proposed a super-
conductor metasurface structure to lower the radiative loss in 
Fano resonance.[114] Two overlapping Fano resonances may give 
rise to the birth of a new sharp asymmetric resonance when 
they are located very close to each other.[115] Fano resonances in 
these designed structures exhibited distinct sharpness and field 
enhancements, and they are typically more sensitive to changes 
in the refractive index of the environment, which have prom-
ising applications for biochemical sensing. The plasmonic Fano 
resonance also promises applications in lasing, switching, near-
field imaging, and slow-light devices. Further studies can be 
done by integrating Fano resonance structure with electro-optic 

applications, such as nanotubes, quantum dots (QDs), or con-
ventional semiconductors.

3.4. Plasmon-Induced Transparency

Electromagnetically-induced transparency (EIT) is a quantum 
phenomenon arising from a three-level atomic system in which 
two different excitation pathways interference with each other, 
as shown in Figure  8a.[116] In the three-level atomic system, 
the transition between the metastable state |1> and excited 
state |2> can be controlled by a pumping laser, while the 
probe laser drives the transition between the excited state |2> 
and the ground state |0>. A usual absorption lineshape will be 
observed without pumping (Figure 8b), but a dip in the absorp-
tion spectra can be obtained after introducing the pumping 
(Figure 8c) because the pump suppresses absorption at the res-
onance wavelength. The mechanical model can be used to sim-
ulate the EIT[117]—it can be described by the mechanical system 
subjected to a harmonic driving force, as shown in Figure 8d. 
In this system, first oscillator A can be represented as a bright 
mode, which is subject to a harmonic force. Besides, the oscil-
lator A can be driven by external force. When the external 
power is transferred from the harmonic source to A, a usual 
resonance linewidth can be seen (Figure 8b). The second oscil-
lator B is indicated as the dark mode, which can be excited only 
through the spring with the constant K and k2. If we allow B to 
move, the absorption profile is modified (Figure 8c). Thus, The 
EIT profile is shown due to the interference between “bright” 
and “dark” modes. The EIT is promising for a slow light 
system, sensor, data storage, and low-loss metamaterials.[54] 
In plasmonic systems, the EIT-like properties are referred to 
as plasmon-induced transparency (PIT), characterized by the 

Figure 8.  a) A three-level atomic system used to illustrate EIT. b) The observed absorption spectra without pumping. c) The obtained absorption 
spectra with the pumping. d) A mechanical model is used to simulate EIT. Two oscillators A and B are attached to three springs with spring constants 
k1, k2, and K.
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frequencies of a narrow transmission band and a broad absorp-
tion band match.[28a] Thus, PIT can also be viewed as a special 
case of Fano resonance, but it exhibits a symmetric Lorentzian 
lineshape. Moreover, PIT can enhance the dark mode reso-
nance energy and decrease the bright mode lineshape.[118]

Since Zhang et al.[54] first proposed the concept of PIT, many 
structures have been widely investigated theoretically and 
experimentally to get narrow and broadband spectral from the 
destructive interference in recent years.[119] In 2009, the PIT 
effect was first experimentally demonstrated using a stacked 
optical metamaterial,[120] and since then, the phenomenon is 
realized from various geometric structures in classical meta-
material systems at different frequency regions. Typical struc-
tures to realize the PIT effect are shown in Figure  9a–d.[121] 
One resonator is used to generate a narrow sub-radiant mode 
in Figure 9a, while another resonator is used to obtain a broad 
super-radiant mode, as shown in Figure  9b. By coupling the 
two resonance modes, a sharp PIT spectrum appears, and it 
can be modulated by the spacing of two resonator constitu-
ents, as demonstrated in Figure 9c,d. Wang et  al. combined a 
simple nanoring and nanorod compound metamaterial struc-
ture by adjusting the geometric parameter of the structure, 
and a high-Q factor of 97 with a 60% transmittance window 
was achieved at optical frequencies.[122] Afterward, their team 
used a stacked metamaterial structure consisting of a solid bar 
and a slot. By coupling the magnetic response and the elec-
tric resonance, a near-complete absorption resonance with an 

8 nm linewidth at optical frequencies is achieved.[123] Recently. 
Vafapour et  al. reported a planar nanostructure metamaterial, 
which consists of three silver bars deposited on a glass sub-
strate. Two vertical bars were used as a bright plasmonic mode, 
and the horizontal bar was used as a dark plasmonic mode. By 
adjusting the bright mode and dark mode in the asymmetric 
structure, the PIT-like effect was excited, which shows a very 
sharp resonance with the bandwidth of ≈2.96 nm, and the cor-
responding Q-factor is 411.[124] Besides, by integrating the gra-
phene into metamaterial structure, Q-factor and transmission 
intensity can be further enhanced due to the decreased Ohmic 
loss.[125] Multiple PIT spectral responses were observed in mul-
tilayer graphene cavities.[126] Furthermore, by changing the 
spatial configurations of “metamaterial molecules,”[127] or inte-
grating photoactive silicon,[128] thermally active superconductor-
metal,[129] and graphene microstructures,[126] the PIT spectral 
response can be controlled and tuned.

Another way to mediate the coupling is to use the plas-
monic waveguide structure. Various plasmonic waveguides 
have been proposed and demonstrated to show PIT spectral 
response.[50,130] Zentgraf et al. proposed a hybridized plasmonic 
waveguide system that consists of a gold nanowires array and 
two dielectric slabs.[50] As the nanowires were embedded in a 
waveguide material, the LSPs and the waveguide mode can be 
coupled by changing the spectral mode position to form a wave-
guide-plasmon hybridization. By changing the interference 
between the two excitation pathways, a 0.5 nm FWHM can be 

Figure 9.  a) The simulated transmission spectrum of the narrow SRR element (SRRn) and b) the wide SRR element (SRRw). Insets: illustration of the 
respective resonator structure. Structural parameters of SRRs: W = 0.1 µm, T = 0.05 µm, total length L = 1.88 µm (in SRRn), L = 1.92 µm (in SRRw). 
c) The simulated transmission spectrum of coupled resonators with the spacing of 400 nm and d) 700 nm. Insets: illustration of the coupled resonator, 
respectively. e) The simulated transmission spectrum of the MIM waveguide structure with the distance t between two resonators of 50, 60, 70 nm. 
Inset: Schematics of the waveguide structures, in which L1 = 600 nm, L2 = 550 nm, δ = 0, d = 50 nm, g = 50 nm, w = 100 nm. f) Magnetic field distribu-
tion at the wavelengths of 1023, 1035, and 1053 nm when t is equal to 50 nm. a–d) Reproduced with permission.[121] Copyright 2009, Optical Society of 
America. e–g) Reproduced with permission.[132] Copyright 2014, Optical Society of America.
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achieved. Since MIM waveguides utilize gap surface plasmons, 
one can obtain extremely tight mode confinement with mod-
erate propagation loss.[119] Typically, MIM waveguides consist of 
bus and resonator waveguides, which can be used to generate 
radiative and subradiant modes.[131] Thus, EIT can be achieved 
by coupling radiative (coupled to a bus waveguide) and sub-
radiant (not coupled to the waveguide) resonator or canceling 
the opposite contribution of two detuned resonances.[119,132] By 
adjusting the resonant waveguide and bus waveguide phase-
matching, a high Q-factor PIT effect can be achieved. Wang 
et al. proposed a three-level energy systems structure to realize 
and explain the PIT effect; the structure consists of a bus wave-
guide and two radiative resonators, as shown in Figure  9e 
(inset).[132] The bus waveguide and two resonators represent the 
ground state, the metastable state, and the excited state, respec-
tively. The first resonator couples the bus waveguide to excite 
bright mode, and the second resonator can only be coupled to 
the bus waveguide through the first resonator, which works as 
the dark mode. Figure 9e,f shows that by adjusting the relative 
position between the two resonators, PIT behavior can be 
well engineered. Moreover, based on the phase-coupled effect, 
various stub resonators with MIM waveguides can be used to 
obtain multiple PIT spectral responses, and the bandwidth 
of FWHM can be decreased to 6  nm, which is much smaller 
than the single stub resonator.[133] By adopting these multistub 
resonators, Chen et al. achieved a higher Q-factor of 427.[134] It 
should be noted that MIM plasmonic waveguides can simulta-
neously generate Fano resonance and PIT effect, which can be 
utilized to achieve multispectral switching.[118]

The PIT effect can also be generated by using a photonic 
nanogap antenna system coupled to a QD or molecules, which 
is called quantum-dot-induced transparency.[135] Manjavacas 
et  al. presented a structure that consists of a silver spheroid 
dimer with a QD embedded at its center. By introducing the 
QD transition linewidth, a transparency dip appeared in both 
extinction and scattering spectra. In the system, the QD was 
treated as a single dipole, which can form a competitive absorp-
tion relationship with metal nanoparticles. Due to the Ohmic 
loss and weak controllability of metal-based plasmonic in vis-
ible and near-infrared regions, the Q-factor and PIT effect is 
generally hindered.[130,136] Dielectrics are commonly used to 
decrease radiative loss, and thus increasing the proportion of 
the dielectric layer in PIT systems may be another way to obtain 
a high Q-factor resonance.

3.5. Guided-Mode Resonances

The SP is a surface wave supported by metal-dielectric inter-
faces, which can be tightly confined at the interface so that the 
light can be confined and guided beyond the diffraction limit, 
allowing for extreme nanofocusing.[137] Because of these unique 
properties, various types of plasmonic guided-mode structures 
have been proposed and investigated to guide SPRs for poten-
tial nanophotonic devices, such as MIM/IMI multilayered 
structures,[138] metal strips,[139] wedge,[140] nanowires,[141] tapered 
grooves,[142] nanoparticles chains,[143] and hybrid plasmonic 
waveguides.[55] These waveguide structures can confine electro-
magnetic energy strongly near the metal-dielectric interface.[144] 

However, Ohmic losses and/or radiation (e.g., scattering) limit 
the propagation distance of SP in these waveguide structures. 
For example, single metal strips have a high dissipative loss 
because of their rough surfaces.[144] Many waveguide designs 
have been investigated to overcome this limitation and to 
increase the Q-factor. In this section, we discuss the plasmonic 
GMRs, such as Fabry–Pérot (FP) resonance and cavity mode 
(alternatively called gap plasmon resonance).

FP-like resonance has been widely discussed in plasmonic 
nanostructures.[145] In these structures, horizontal and ver-
tical placed films are acting as high-quality optical mirrors. 
This FP-like structure can concentrate SPs, and thus radiative 
damping of the metal can be sharply decreased.[145–146] There-
fore, by choosing appropriate structure parameters and mate-
rial properties, the powers of the internal field and bandwidths 
of resonance spectra can be tuned. For example, Zhu et  al. 
designed a metallic trench SP–FP resonator,[147] as shown in 
Figure 10a,b. When the white-light illuminates the cavity, SPs 
can be launched. These SPs can propagate across the cavity 
and be reflected from the sidewalls. In this case, a slit under 
the cavity floor with subwavelength width is used, as shown in 
Figure 10b. This slit allows probing of the transmission mode 
close to their maximum intensity. Figure 10c shows that the res-
onator exhibits a high-Q factor of 310 at the visible-frequency. 
MIM/IMI multilayered structures are widely used in plasmonic 
GMRs.[138] Figure  10d–f shows a typical MIM FP microcavity 
structure.[148] The structure consists of two asymmetric FP cavi-
ties, both with the gold as a back reflector. Light can be tuned by 
changing the cavities length of L1, and a 15 nm FWHM band-
width can be obtained at λ = 857 nm, as shown in Figure 10g. 
In this FP cavity, LSP mode and standing wave can be strongly 
coupled with constructive interference, and the resonance 
thereby is enhanced. Similar structures have also been explored 
to narrow the linewidth. By changing the nanoslit microcavity 
structure to a metal-MIM structure, a nearly perfect absorption 
with a narrow FWHM of 1.11 nm was realized in the infrared 
region.[149] Subsequently, Wu et  al. put forward a structure by 
adding a triangular nanoribbon between the gold nanoribbons, 
and an absorption bandwidth of 1.82 nm in the visible region 
was achieved.[150] Fix et al. demonstrated that two plasmonic FP 
cavities could be coupled and give rise to interference-effect.[151] 
The Q-factor can be tuned by changing the cavity width. Also, 
Thijssen et  al. put forward a nanomechanical geometry MIM 
waveguide. It can couple mechanical oscillators to plasmonic 
mode, experimentally achieving a high Q-factor of 634 in the 
optical region.[152]

Another way to increase the Q-factor is to use a hybrid plas-
monic waveguide.[55] For example, the hybrid plasmonic wave-
guide can couple SPs waveguide with a dielectric waveguide, 
which can decrease plasmon propagation loss and increase 
propagation distance.[153] Such hybrid plasmonic waveguides 
can also couple to FP resonances with cavity mode and reduce 
the total loss.[154] Sarkar et  al. proposed a hybrid plasmonic 
waveguide to decrease the radiative loss via colloidal plas-
monic self-assembled grating, as shown in Figure 10h.[155] They 
used a plasmonic grating fabricated by colloidal self-assembly 
and an ultrathin injection layer to guide the resonant modes 
selectively, as illustrated in Figure 10i. The measured transmis-
sion spectrum at 902  nm (Figure  10j) shows the presence of 
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a guided-mode resonance phenomenon. Moreover, compared 
with conventional metallic grids, the range of the hybridized 
guided mode can be extended to mode along the nanoparticle 
chain lines.

Whispering-gallery modes (WGMs) in dielectric microcavi-
ties have been studied extensively owing to their low optical 
loss and small mode volume.[156] In 2010, Min et al. put forward 
a plasmonic WG microcavity structure that can couple surface-
plasmonic modes and dielectric waveguiding channels.[157] The 
WG structure is composed of a core silica disk coated with a 
silver layer, as shown in Figure 11a–c. The transmission spectra 

with different guide gap widths are shown in Figure  11d. The 
maximum Q-factor value is ≈1400 at phase-matched excitation 
conditions, close to the theoretical metal-loss-limited. Since 
WG modes are sensitive to the surrounding environment, they 
can be used for single biological or chemical molecular detec-
tion.[158] However, it needs a tapered fiber waveguide to excite 
this mode to meet the phase-matching condition. Similarly, the 
WG structure with an ultrasmall volume has also been inves-
tigated to achieve a high-Q factor.[159] In 2019, Su et al. experi-
mentally realized a low propagation loss with a mode area of 
0.03  dB  µm−1 and 0.002 µm2, respectively, using composite 

Figure 10.  a) Schematic diagram of the plasmonic trench resonator, which consists of two vertical Ag sidewalls and a horizontal floor. The red standing 
wave represents the trapping of resonant SP modes. The recessed slit can transmit a proportional intensity wave into the far-field. b) SEM image of the 
fabricated resonator. The width of the slit is 10 nm. c) Measured spectra outcoupled by the slit aperture. The white light illuminates from the open side 
of the cavity. The measured spectrum was fitted with a Lorentzian shape. d) Schematic illustration of the 3D microcavity structure. e) Cross-sectional 
SEM of the structure. f) Schematic illustration of a unit cell structure. g) Measured and simulated far-field reflection as a function of wavelength for 
L1 = 710 and 920 nm. In the structure, the nanohole period is 740 nm, the diameter is 500 nm, Au thickness H is 200 nm, and L2 = L1-H. h) The 
schematic illustration of the hybrid plasmonic waveguide structure. The grating period is 520 nm, and the thickness is 150 nm. The TiO2 thickness is 
200 nm. i) SEM image of the fabricated hybrid structure in top view. j) Measured and simulated transmission spectra of the hybrid plasmonic wave-
guide structure. a–c) Reproduced with permission.[147] Copyright 2017, American Association for the Advancement of Science. d–g) Reproduced with 
permission.[148] Copyright 2011, Springer nature. h–j) Reproduced with permission.[155] Copyright 2019, American Chemical Society.
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hybrid plasmonic waveguides. This structure can also yield a 
Purcell factor of ≈16 000 due to its low loss.[160]

Graphene can replace plasmonic metals due to its broad 
tunability and extremely high field confinement in guided 
resonance.[161] The propagating length of the plasmonic wave 
in graphene is quite longer than the spatial period of the 
plasmonic wave, which translates into a high Q-factor for 
graphene-based guided-mode resonances.[161a] To strongly 
enhance absorption, graphene can be placed on the dielectric 
gratings[161c] or embedded in a dielectric layer to form a reso-
nant FP cavity.[161d] Due to the low loss of the dielectric and 
graphene layer, this guided-mode can realize perfect absorp-
tion and achieve a narrow FWHM of 0.5 nm at the midinfrared 
frequencies. Furthermore, the narrow resonance can be shifted 
by changing the graphene’s Fermi level, which has potential 
applications in tunable devices. Also, when the graphene is laid 
on the 1D photonic crystal surface, two peaks with FWHM of 
14[161b] and 1.1 nm[161c] can be achieved in the visible and near-
infrared wavelength ranges.

For many photonic applications, such as plasmonic photonic 
circuits, it is critical to confine light at a specific wavelength 
at a targeted position with a small volume. Moreover, a lower 
loss indicates a longer propagating distance, essential for prac-
tical applications. GMR can be supported by various plasmonic 
structures, demonstrating remarkable properties of concen-
trating electromagnetic fields in nanoscale regions achieving 
subwavelength localization of the guided signals. However, a 
key challenge is how to efficiently couple to the plasmonic wave 
because the wave vector is much larger than that of free-space 

waves. 2D plasmonic graphene materials provide a solution for 
this problem due to plasmonic oscillations bounded by ribbon 
rather than propagating plasmonic waves in a continuous 
graphene layer. Besides, GMRs require precise placement of 
rationally designed metallic nanoentities on the dielectric grat-
ings, which involves costly processes, such as electron beam 
lithography.

3.6. Tamm Plasmon Resonances

In 2007, Kaliteevski et  al. proposed a plasmon-polariton state 
that can be formed on the interface between a metal layer and 
a dielectric distributed Bragg reflector (DBR), which is termed 
as Tamm plasmon resonances or Tamm plasmon polaritons 
(TPPs).[28c] In contrast to SP polaritons, TPPs have a zero in-
plane wave vector, which can be directly excited and do not 
require phase-matching. Then, TPPs were the first experi-
mental confirmed by subsequent work.[162] The Bragg mirror 
has alternate dielectric layers with different refractive indices, 
which can form a photonic bandgap, and TPPs can be confined 
in the DBR due to its photonic stop band. The measured trans-
mission and reflection spectra showed an ultranarrow band 
feature, indicating that TPPs are promising candidates for high 
Q-factor resonances. Figure  12 shows a typical structure that 
supports TPPs, and the simulated reflection spectrum demon-
strates a narrow linewidth.[163]

Although the Q-factor of resonance is strongly deter-
mined by the optical losses in metal films, the variable DBR 

Figure 11.  a) Schematic diagram of the whispering-gallery (WG) microcavity structure (Rb = 10.96 mm, Rt = 7.89 mm, d = 2 µm, t ≈ 100 nm). b) SEM of 
a fabricated silver-coated SPR microdisk resonator. c) Expanded view of the edge of the SPR microdisk resonator. d) Measured transmission spectrum 
versus waveguide coupling gap. The gap widths from 0.8 to 1.6 µm. a–d) Reproduced with permission.[157] Copyright 2009, Springer Nature.
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characteristics are particularly promising to realizing various 
high-demand applications. Various common materials for 
designing DBR structures have been proposed, such as semi-
conductor materials,[164] all-dielectric photonic crystals,[165] mag-
netophotonic crystals,[166] epsilon-near-zero materials,[167] etc. 
For instance, Zhu et al. used a DBR structure combine with a 
phase-changing material to achieve a narrowband and Q-factor 
tunable emitter.[168] While conventional TPPs structure has a 
thin metal layer on a DBR, Yang et al. experimentally demon-
strated a structure with a thicker metal layer under the DBR 
and thus achieved a twice higher Q-factor than that of the con-
ventional one.[56] By introducing a defect layer into the DBR 
structure, the PIT-like effect has been observed in the TPPs 
system with an ≈2 nm FWHM at the near-infrared region.[169] 
Moreover, by embedding 2D materials between DBR and metal 
film,[170] collective strong coupling,[171] and absorption effi-
ciency[172] arise.

The advantage of the TPPs is that they do not require any 2D 
or 3D patterning while still maintains a narrow resonant peak, 
and thus they can mitigate the fabrication limits of 2D or 3D 
subwavelength structure. Besides, a zero in-plane wave vector 
indicates that TPPs can be directly excited without the need 
for nanostructures to couple the incident light. TPPs have 
demonstrated their implementation in various devices, such 
as thermal emitter,[56] photodetector,[173] and laser.[174] However, 
the TPPs usually require periodically grow alternating layers, 
leading to a relatively thick device. Moreover, the light confine-
ment ability of TPPs is not strong when compared with LSP.

In this section, we have reviewed six plasmonic resonances 
to realize high-Q plasmonic resonances. These resonance 
methods provide an essential reference for narrowband spec-
tral applications. It is worth noting that these six modes are 
not independent of each other. For example, SLR can gen-
erate Fano-type lineshape, which is similar to the mechanism 
of Fano resonance in some cases. Multipolar resonance can 

couple with SLR to enhance their emission efficiency. PIT can 
also be viewed as a special case of Fano resonance. GMR can 
combine with other resonance modes to enhance the Q-factor 
and spectra intensity. These independent or combined reso-
nance modes provide a variety of options for practical appli-
cations. Also, we have summarized some representative work 
in Table  1. The purpose of obtaining high-Q plasmonic reso-
nance is to optimize the performance of devices and improve 
the performance of various applications. Therefore, different 
applications need to choose compatible resonance modes and 
structures. In the next section, we will introduce several typical 
applications that require high-Q plasmonic resonances.

4. Applications

4.1. Spectrally Selective Thermal Emission

Thermal emission from hot objects usually exhibits broadband 
features due to the blackbody radiation. A thermal emitter with 
narrow bandwidth emission property is crucial for achieving-
near- and midinfrared thermal sources,[175] spectrally selective 
infrared thermal detectors,[176] and solar thermophotovoltaics 
(STPVs).[177] Various designs have been proposed to tailor 
thermal radiation by using gratings, microcavities, photonic 
crystals, and metamaterials.[16a,178] In particular, due to the 
extraordinary optical properties of plasmonic systems, the spec-
tral position, linewidth, and emission efficiency can be easily 
controlled. Plasmonic structures can provide an ideal way to 
design spectrally selective thermal emission.

Using the plasmon systems to develop the spectrally selective 
thermal light sources in the near- and midinfrared region have 
been developed for many years, such as adopting metalized-
surface period lattice structure[179] and MIM multilayer struc-
ture.[180] The initial design for the thermal emitter used noble 

Figure 12.  Schematic diagram of the Tamm plasmon system and the simulated reflection spectrum of the bare DBR and “DBR + Au” structures. The 
Tamm plasmon system consists of periodic multilayer DBR and a layer of the metal structure. The DBR structure has 10-unit cell layers with 1740 nm 
thickness, and the Au film is 60 nm thickness. Reproduced with permission.[163] Copyright 2018, IOP Publishing Ltd.

Adv. Optical Mater. 2021, 9, 2001520



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2001520  (16 of 30)

www.advopticalmat.de

Au and Ag as plasmonic materials, and they showed narrow 
emission bandwidth and high-intensity radiation according to 
Kirchhoff’s radiation law.[177] For example, Kady et al. used the 
Au coated silicon-air photonic crystal surface. It generated the 
discrete SPR mode at the interface and gave rise to a narrow 
emission spectrum with a bandwidth of 0.5  µm centered at 
4.2  µm.[179] Tsai et  al. proposed an Ag–SiO2–Ag triple-layer 
metamaterial structure that could suppress the background 
thermal radiation by the SP coupling, and 0.48 µm of FWHM 
emission spectra were measured at 300 °C.[180] By changing the 
structure parameters[181] or elastomeric substrate,[182] different 
infrared radiation peaks were obtained. Aplasmonic nano-
channel structure with U-shaped Au layers has been demon-
strated as a spectrally selective thermal emitter with a narrow 
FWHM of 248  nm.[183] Moreover, Tamm plasmonic structures 
are also proposed for realizing narrowband thermal emis-
sion. Yang et  al. used a TPP structure experimentally demon-
strated that infrared wavelength-selective thermal emission 
with an FWHM of 110 nm at 270 °C.[56] Wang et al. designed a 
hybrid structure by coupling a cavity mode and a TPP mode, as 
shown in Figure 13a, and a narrowband thermal emission was 
achieved.[184] This hybrid structure exhibited a sharp absorption 
peak with a 45 nm FWHM at 150 °C, as shown in Figure 13b.

Low-cost metals, such as steel,[185] and Al[186] have also been 
proposed for thermal emission, which shows a high thermal 
emissivity in the mid-IR range, and opens up a route for 
making low-cost thermal emitters. The working temperature of 
spectrally selective thermal emission is usually above 1000  K. 
However, Au and Ag have relatively low melting points, and 
their melting points quickly decrease as the metal size shrinks 
to the nanoscale.[15a] This imposes restrictions and challenges 
for appliactions requiring high temperatures. Refractory 
metallic nanostructures (such as W, Mo, Ta, ZrN, TiN, etc.) have 
been proposed as heat-assisted applications.[187] The refractory 

plasmonic materials exhibit excellent plasmon characteristics 
and high-temperature stability, providing a solution for the 
thermal emission. For example, TiN is a typical refractory plas-
monic material and used as a narrowband emitter material.[188] 
Wang et al. proposed a TiN-based stack metamaterial structure, 
which could integrate plasmonic absorber and emitter, and a 
0.6 µm bandwidth emission was achieved by numerical simula-
tion.[189] Jiang et al. also designed a TiN-based nanocavity struc-
ture that encapsulated by different dielectrics, and it showed 
an excellent spectrum selectivity and high-temperature sta-
bility (at 1073 and 1273 K for 2 h).[190] Molybdenum (Mo) also 
shows unique plasmonic properties with high thermal sta-
bility. Yokoyama et  al. used a Mo–Al2O3–Mo structure, which 
can operate at 1000 °C for 3 h with a narrowband emission.[191] 
Tungsten (W) is usually chosen as the emitter material due to 
its high melting point (3695 K) and excellent corrosion resist-
ance. However, the W-based emitter often has a broad emit-
tance spectrum because the intrinsic spectral selectivity of 
tungsten is poor.[192] However, low cost, and large area selective 
thermal emitters with a narrow band resonance can be realized 
by coupling the W-based emitter layer with TPPs mode.[193]

An extremely essential application of spectrally selective 
thermal emission is solar thermophotovoltaics (STPVs). Pho-
tovoltaics (PVs) is a common method to convert solar energy 
into electricity.[10] However, due to the mismatch between the 
incident photon energy and the bandgap of the solar active 
material, the energy conversion efficiency of single-junction 
PV cells is subject to the Shockley–Queisser (SQ) limit. STPV 
has a higher theoretical power conversion efficiency than the 
conventional single-junction solar cell, overcoming the SQ 
limit.[194] The performance of STPV relies on several interme-
diate energy conversion steps: the heat generated from a light 
absorber is conducted to the emitter that radiates thermal 
energy. Afterward, the thermal energy is converted to electricity 

Table 1.  A summary of methods used to obtain high-Q plasmonic resonances.

Resonance mode Structure FWHM [nm] Q-factor Physical mechanism Ref.

Surface lattice resonance Au/SiO2/Au nanopillar 4.8 147 Reducing radiative loss [61]

Au nanoparticles array ≈5 ≈150 Suppressing radiative loss [69]

Au nanorods array 2 325 Reducing radiative loss [65]

Al nanoparticle arrays embedded in PDMS 3.6 ≈155 Reducing radiative loss [79]

Multipolar resonance Au nanoantennas array ≈68 ≈11 Reducing radiative loss [28b]

Ag nanorods ≈12.7 ≈38 Reducing radiative loss [95]

Plasmonic Fano resonance Ag stacked nanoring 8 114  Reducing radiative loss [258]

Au nanoslits 3.68 ≈359 Reducing radiative loss [113]

Ag/SiO2/Ag asymmetric double elliptical cylinder 8 ≈116 Reducing radiative loss [111]

Plasmonic induced transparency MIM nanoring/nanorod ≈8 97 Reducing radiative loss [122]

Au nanowires embedded in a dielectric slab 0.5 ≈1697 Reducing radiative loss [50]

multistub resonators 6 ≈167 Reducing radiative loss [133]

Guided-mode resonance Ag trench FP resonator 2.1 310 Reducing radiative loss [147]

Au/Au/SiO2/Au grating 1.11 ≈1410 Reducing radiative loss [149]

Ag/SiO2 WG microcavity ≈1.11 ≈1376 Reducing radiative and scattering loss [157]

Tamm plasmon resonance DBR/Al nanostructures ≈200 20 Reducing radiative and nonradiative loss [56]

Ag/DBR/Al2O3/DBR nanostructures ≈2 ≈778 Reducing radiative and nonradiative loss [169]
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via a PV cell.[177] Since the radiation spectrum of the emitter is 
broad, and it mismatches the bandgap of the PV cell, much of 
the radiation energy is wasted. In order to make the process 
efficient, the spectrally selective emitter should have a large 
emittance for photon energies higher than the bandgap of the 
PV cell, and a small emittance for photon energies less than 
the bandgap energy.[195] The ideal spectral selectivity of the nar-
rowband infrared emission spectrum can be seen in Figure 13c. 
The ideal selective emitter would emit only photons with 
energy equal to the bandgap energy of the PV cells at elevated 
temperatures. Generally, STPV requires a working temperature 
of at least 1000 K.[196] In order to elucidate these constraints, 
various selective thermal emitters have been put forward to 
improve the STPV conversion efficiency. Besides, the refractory 
plasmonic metals can be used in STPV systems. Epsilon-near-
zero (ENZ) material, such as Al-doped ZnO, can be used in the 
spectral selectivity to reduce sub-bandgap losses at high tem-
perature.[197] Depositing a protective layer on the noble metals 
can also increase the operating temperature while maintaining 
performance. For example, platinum (Pt) has been demon-
strated to be used in an STPV system. It could survive at 1300 K 
when encapsulated in an Al2O3 layer.[198] Figure  13d shows 
the designed structure of the metasurface emitter. The reflec-
tance spectra in Figure  13e shows that its emissivity matched 
to the external quantum efficiency spectrum of InGaAs PV 

material, as demonstrated in Figure 13f, and an optical-to-elec-
trical power conversion efficiency of 22% was achieved.

In summary, it has been shown that spectrally selective 
thermal emission can be used in the near- and midinfrared 
thermal sources and STPV devices. Thermal emission based 
on SPRs yields sharp emission peaks, but they are vulnerable 
to angular dependence and a poor emittance at high temper-
atures, leading to impaired intensity and sharpness of reso-
nances. It can be theoretically predicted that these applications 
have extremely high performance. However, there remain gaps 
between the theoretical design and the experimental realiza-
tion because it is challenging for emitters to simultaneously 
meet the requirement for high emittance, narrow bandwidth, 
angular or polarization insensitivity, and cheap nanofabrication 
steps.

4.2. Sensors with High Sensitivity

Plasmonic sensors can be used to detect changes in sur-
rounding materials. When chemical or biological species 
interact with the sensor surface, the dielectric environments 
change can cause local electromagnetic (EM) fields and SPR 
shifts. High-Q plasmonic sensor is desired because it means 
that more light can interact with surrounding materials rather 

Figure 13.  a) Schematic diagram of the Tamm plasmon structure and the simulated reflectance (black solid curve) and absorptance (solid red curve) 
spectra. The DBR used the Ge/SiO2/Ge structure. b) Calculated emittance spectra at different temperatures (100, 125, and 150 °C). c) Ideal spectral 
selectivity of the hybrid absorber–emitter (HAE). d) Schematic diagram of the MIM metasurface structure emitter, which consists of a platinum (Pt) 
cross above a Pt substrate, an Al2O3 spacer layer, and a layer of Al2O3 encapsulation on the substrate. e) Simulated and experimental reflectance 
spectra with the encapsulated Al2O3 layer on the surface. The deposited Al2O3 layer is 150 nm thick. f) The model of selective emitter-TPV system 
at 1300 K. Those lines show the black body power, normalized photon density, radiated power, radiated photon density, and the emissivity spectra. 
a,b) Reproduced with permission.[184] Copyright 2018, American Chemical Society. c) Reproduced with permission.[257] Copyright 2018, Wiley-VCH. 
d–f) Reproduced with permission.[198] Copyright 2014, AIP Publishing LLC.
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than being wasted via losses and has advantages on amplitude 
noise and spectral resolution. Usually, the refractive index 
sensitivity (S = Δλp/Δn) can be characterized by the peak shift 
per refractive index unit (nm RIU−1). Hence, a figure of merit 
(FOM = S/FWHM, or FOM* = max (dI(λ)/dn(λ)/I(λ))) can be 
defined to evaluate the performance of the sensing capabilities, 
where S stands for refractive index sensitivity and dI(λ)/I(λ) is a 
relative intensity change at a fixed wavelength λ.[199] To increase 
the FOM of the plasmonic sensors, one can choose to either 
increase the S or reduce the resonance linewidth.

Liu et  al. first experimentally demonstrated a plasmonic 
sensor using a perfect absorber in the near-infrared regime.[200] 
The sensor consists of an Au disk array, an MgF2 dielectric 
layer, and an Au bottom layer. A FOM* of ≈87 was achieved 
by detecting the intensity changes under different dielectric 
materials (air and water). Following this work, metal nanopar-
ticles,[201] metamaterial,[150] and all-metal plasmonic absorber[75] 
have been designed for sensors via using SLRs,[202] multipolar 
resonance,[201] Fano resonance,[203] PIT,[116] gain-assisted reso-
nance,[204] etc. Due to the coherent interference between radia-
tion and subradiation modes, Fano resonances and GMRs are 
more sensitive to trace the change of the refractive index. A 
maximum sensitivity of 23  000  nm  RIU−1, using GMRs, has 
been achieved by the fiber-based sensors.[205] Figure 14a shows 

the schematic diagram of the sensor, where the sensing layer 
and metallic layer are placed outside of the fiber structure; the 
fiber structure consists of five airholes for light guiding and to 
optimize the evanescent field, which can be used to improve 
the sensitivity of the sensor. The small change of the refractive 
index in the analyte can cause the change of phase-matching 
wavelength and raise the resonant spectrum shifts, as shown 
in Figure  14b. Furthermore, the sensor shows a high linear 
sensing response between the refractive index and the reso-
nant wavelength, as shown in Figure  14c. Yu et  al. proposed 
a sensor based on the hybrid plasmonic–photonic crystal, 
demonstrating an atomic layer sensitivity.[55] The hybrid plas-
monic–photonic sensor consists of a close-packed monolayer 
of polystyrene colloids self-assembled on a chemically modi-
fied gold surface, as shown in Figure  15a. To demonstrate its 
high sensitivity under atomic layer resolution, they deposited 
Al2O3 with different thicknesses on the sensor surface via dif-
ferent deposition methods, as shown in Figure 15b,c. Also, they 
proposed a modified empirical FOM because the traditional 
FOM did not properly represent the real situation of surface-
based sensing. Besides, they demonstrated that the sensor has 
the gas phase sensing capability by detecting the physisorption 
of ethanol on the sensor surface, as shown in Figure 15d. The 
amount of ethanol physisorbed on the surface of the sensor can 

Figure 14.  a) Schematic diagram of the proposed multicore flat fiber sensor in the 3D model, which consists of five airholes where two of them are 
filled with the high refractive index liquid. Besides, the Au layer, TiO2 layer, and sensing layer are arranged sequentially on top of the sensor surface. 
The ligands attached with the TiO2 layer and analyte will flow through the sensing medium and bond with the ligands, resulting in the shift in reso-
nance peak. b) Loss spectrum with varying analyte refractive index from 1.46 to 1.485. c) The linear fitting of resonant wavelength versus analyte RI. 
a–c) Reproduced with permission.[205] Copyright 2016, Optical Society of America.
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be determined by measuring the peak shift. The hybrid plas-
monic–photonic mode can also be excited under oblique illumi-
nation. Liu et al. demonstrated a high spectral Q-factor of 1375 
using a hybrid plasmonic–photonic mode under oblique illu-
mination.[206] Liu et  al. also designed a sensor using the plas-
monic–photonic mode to show an extremely narrow FWHM of 
3  nm. The sensor exhibited excellent sensitivity for detecting 
biomolecules, with a FOM value of 730.[207] Chen et al. proposed 
a plasmonic waveguide system—they used a metal nanowire-
on-mirror setup—to probe subpicometer resolutions. It largely 
exceeds the theoretical maximum vertical resolutions of scan-
ning probe microscopes, and they demonstrated its potential 
use in some ultrasensitive sensing applications.[208]

While some sensors use the peak shift to detect changes, 
others detect the changes by observing intensity changes 
resulting from the adsorption of the target molecule. For 
example, Tittl et  al. used palladium-based plasmonics to 
measure the hydrogen concentrations.[209] As the gas concen-
tration increases, the spectral shift and reflection intensity 
increase, as shown in Figure  15e. Besides, high-Q sensors 
have the potential to realize the direct detection of a single 
monolayer of biomolecules in the naked eye,[210] molecular 
vibrational spectroscopy,[211] explosives detection,[212] and plas-
monic colors.[213]

In summary, numerous plasmonic nanostructures have 
already been developed as signal amplifiers and transducers 

Figure 15.  a) Schematic of the structure with top-view SEM image, top-view schematic, and side-view schematic, from left to right. b) Reflection spectra 
peak shift versus Al2O3 coating thickness in the case of physical vapor deposition and c) atomic layer deposition. d) Peak shift from the dry argon state 
to ethanol saturated argon at 25, 40, and 55 °C. e) Simulated response of the sensor structure to hydrogen exposure. a–d) Reproduced with permis-
sion.[55] Copyright 2010, Wiley-VCH. e) Reproduced with permission.[209] Copyright 2011, American Chemical Society.
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for optical sensing by utilizing various modes to narrow the 
linewidth of plasmonic resonances, holding promise for bio-
medical, food sciences, chemical or toxic compound detection, 
environmental monitoring, pharmacy, and industry. Increasing 
field intensities is the most common way to boost plasmonic 
biosensing performance, but there is a tradeoff due to the pho-
todamage of biological specimens.[214] Future challenges of the 
plasmonic sensors are the development of low-cost platforms, 
designing devices that can detect target molecules in complex 
fluids, and reusability.

4.3. Single-Photon Sources with Boosted Purcell Effect

For optics-based quantum information processing technologies, 
single-photon sources are key components in quantum devices 
and quantum communications.[215] The ideal single-photon 
source should deliver photons one by one, emitted at any arbi-
trary time, in a pure quantum state, and high efficiency.[216] An 
essential research direction of single-photon sources is to use 
the Purcell effect to enhance the spontaneous emission rate, 
shorten the radiative lifetime, and achieve strong coupling.[217] 
Plasmonic nanostructures have been proved to significantly 
increase the emission rate due to the presence of local density 
of states (LDOS). In the weak coupling region, the enhance-
ment can be characterized by the Purcell factor (Fp = (3λ3/4π2)
(Q/V)). It includes two main quantities: the modal volume (V) 
and the Q-factor.[218] High-Q factor and small V are highly desir-
able for increasing the brightness of the quantum emitters. 

Compared with photonic crystals, plasmonic nanostructures 
have huge field enhancements, a small mode volume due to the 
light confinement.

Initially, a nanowire was used to support surface plasmons 
by coupling with a quantum dot at the wire end—it can form 
a simple two-level system to enhance the quantum dot spon-
taneous emission.[2a] However, it is challenging to direct the 
photons to specific channels. By coupling the emitter with 1D 
nanoparticle chains, unidirectional single-photon sources can 
be achieved.[219] Besides, one can combine different single 
quantum emitters, such as QD,[220] nitrogen-vacancy,[221] with 
plasmonic structures to achieve highly bright single-photon 
sources.[222] For example, Choy et  al. presented an approach 
that directly embeds single nitrogen-vacancy centers into 
plasmonic nanostructures, in which the mode volume is 0.07 
(λ/n)3, and the Q-factor is 10.[223] Also, Al can be used to replace 
traditional Au or Ag materials for Purcell enhancements. For 
example, Tobing et  al. designed an Al dimer antenna with an 
≈10  nm gap structure for polarization resolved photolumines-
cence enhancement. A much smaller mode volume of 2.1  × 
10−3 (λ/n)3 was achieved, and the corresponding Purcell factor 
can reach ≈104.[224] Moreover, the semiconductor material can 
be integrated with plasmonic materials to form a resonant 
plasmonic nanocavity and generate hot-exciton emission.[225] 
As shown in Figure 16a, by combining microcavities and plas-
monic antennas, one can achieve a stronger emission rate 
with a much boosted Purcell effect than the cavity or antenna 
alone.[226] By theoretical calculation, this coupled system can 
strongly boost emission enhancements—an enhancement 

Figure 16.  a) Schematic diagram of the coupled cavity−antenna system, which is driven by a dipolar source. The cavity supports a whispering gallery 
mode shown in the cut-out. b) Emission enhancements in a hybrid system from the oscillator model (dashed) and from simulations (solid). c) Sche-
matic diagram of the plasmonic waveguide-slit structure on the silver substrate. d) Power flow distribution of the proposed structure. (Bottom right) 
Purcell factor and FOM varying with a different wavelength in the proposed structure. a,b) Reproduced with permission.[226] Copyright 2016, American 
Chemical Society. c,d) Reproduced with permission.[231] Copyright 2019, Wiley-VCH.
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factor of ≈914 was achieved, which is a significant increase with 
respect to the bare cavity (242) and antenna (≈65 near cavity 
resonance), as shown in Figure 16b.

It has been experimentally demonstrated that guide-mode 
plasmonic nanostructures can largely enhance the spontaneous 
emission rate.[227] MIM waveguides have the potential to pro-
vide the smallest mode cavity, thus enabling a large Purcell 
factor.[228] Akselrod et  al. demonstrated an Ag nanocube with 
a MIM structure with a large emission rate enhancement.[229] 
The giant field enhancement appeared in the dielectric gap 
region, and a maximum Purcell enhancement exceeded 1000 
with a high quantum efficiency greater than 0.5. Subsequently, 
Luo et  al. used carbon nanotubes coupled with MIM nano-
cavity arrays, and they obtained a Purcell factor of 180 and 
Purcell-enhanced quantum yields of 0.62.[230] Recently, Zhang 
et  al. designed a plasmonic waveguide-slit structure that con-
sists of an Ag nanowire slit and Ag substrate, as shown in 
Figure 16c.[231] The electromagnetic field is confined at the slit 
and Ag substrate, and it provides a large selection range to sup-
port the resonant mode in the nanoslit, as shown in Figure 16d. 
As a result, the Purcell factor of FP = 1.68 × 105 was predicted 
due to a large FOM of ≈2.0 × 107.

Besides, other plasmon resonance modes have been 
reported to enhance single-photon emission. For example, 
Tran et  al. proposed a hybrid system that used quantum 
emitters in 2D hBN materials integrated with SLR structure 

to achieve enhanced single-photon emission, as shown in 
Figure  17a.[232] SLR structure offers a high-Q and low-loss 
cavity in the red spectral region, and an FWHM of 50  nm 
was obtained, as shown in Figure  17b. The coupled emitters 
exhibit a 2.6 fold enhancement of photoluminescence (PL) 
and a reduced fluorescence lifetime of 0.27  ns. The emitter 
is an SPE with nonclassical light emission, as a g2(0) value of 
0.29 shown in Figure 17c. Moreover, QDs coupled to a Tamm 
plasmon mode also designed for single-photon emission.[233] 
The designed structure is shown in Figure  17d, and the PL 
emission spectra of the device as a function of the excitation 
power is shown in Figure 17e. The QD exciton line experiences 
an acceleration of spontaneous emission with a radiative life-
time of 450 ± 100 ps. Photon correlation measurements curve 
g2(τ) is shown in Figure 17f, in which a g2(0) of 0.35 ± 0.1 can 
be observed. The structure provides a simple nanoprocessing 
tool for accelerated single-photon emission. Besides, Tamada 
et  al. demonstrated that high-order SPR mode could also be 
coupled to enhance Purcell emission with QDs emitter.[234] 
In the past decade, using the plasmonic cavity mode to boost 
the Purcell effect has made significant progress. It provides a 
new way to generate high pure and indistinguishable single 
photons with high prospects of realizing important applica-
tions in quantum optics, bioimaging, and quantum engi-
neering in the near future. However, to meet the practical 
application, brightness,directivity, indistinguishable, full 

Figure 17.  a) The SEM image of a hybrid quantum 2D material system integrated with an Ag nanoparticle array on a silica substrate. The lattice period is 
400 nm. b) The measured PL spectra of a pristine (red curve) and coupled (blue curve) single-photon emitter and transmission spectrum of the lattice 
(green curve). c) Second-order autocorrelation functions, g2(τ), obtained from the pristine (red circles) and coupled (open blue squares) system. The 
g2(0) values for emission from pristine and coupled emitters are 0.06 and 0.29, respectively. d) Schematic of the confined Tamm plasmon structures 
for single-photon extraction. The sample is cooled down to 40 K for the measurement. e) PL spectra of the device for increasing excitation powers. 
f) Measured and calculated autocorrelation function g2(τ) for two excitation powers. a–c) Reproduced with permission.[232] Copyright 2017, American 
Chemical Society. d–f) Reproduced with permission.[233] Copyright 2012, American Institute of Physics.
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scalability, and long-wavelength high-Q single photons are 
essentially desired.[235]

4.4. Plasmonic Filters

Plasmonic filters have extensive applications in displaying, 
detecting, printing, and decoration, etc.[236] Narrow linewidth, 
high transmission efficiency, wavelength tunability, polariza-
tion-insensitivity, and minimized size are desirable for plas-
monic filters. By using plasmonic nanostructures, photons, and 
plasmons can be converted to each other, offering a new solu-
tion to traditional optical processes such as color filtering and 
spectral imaging.[237]

High Q-factor resonance paves a way to achieve high-res-
olution spectral imaging because of their relatively narrow 
transmission passband. For example, Xu et  al. used MIM 
waveguide geometry to design a color filter to filter white light 
into a single color.[17b] The design provides an absolute trans-
mission over 50% and FWHM about 100  nm at given three 
colors. Figure 18a shows seven square-shaped plasmonic color 
filters with different stack period.[17b] Miyamichi et  al. fabri-
cated a silver-film plasmonic filter with concentric periodic 
corrugations, as SEM images are shown in Figure  18b,c.[238] 

By changing the corrugation periods, the light at specific 
wavelengths can be transmitted through the aperture at the 
center. The measured transmission spectra from visible to 
the near-infrared range and microscope images are shown in 
Figure  18d ,e. This design is expected to realizemultispectral 
imaging. By using plasmonic resonance with a high Q-factor, 
one may further improve the resolution of the imaging. When 
a filter’s FWHM is less than 30 nm, the imaging systems can 
filter more than 20 colors from visible to the near-infrared 
spectrum, constructing the optical spectrum at every pixel in 
an image.[236b] High spectral resolution plasmonic color fil-
ters have been designed with the narrow band-pass transmis-
sion (<30  nm).[239] Wu et  al. proposed a cavity resonator cou-
pled with bus and drop waveguides. A narrow linewidth with 
an FWHM of 7 nm spectrum was obtained, and it provides a 
way to design optical logical devices.[17a] The integrated single-
color plasmonic filter can be served as a CMOS image sensor, 
as shown in Figure  18f.[240] The back-illuminated microscope 
images show the filter is extremely robust to period and diam-
eter. Compared with the single-color plasmonic filter, multi-
spectral filters can be used in signal processing and commu-
nications,[241] which can convey more information than a single 
band. Double band,[242] triple band,[243] and multiple bands[126] 
have been designed for plasmonic filters.

Figure 18.  a) Optical microscopy images of seven plasmonic color filters illuminated by white light. Scale bar, 10 µm. b) SEM image of the fabricated 
plasmonic color filter (top-view). Nine grooves with a period of 600 nm were concentrically fabricated around the sub-wavelength aperture. c) Bird’s 
eye view SEM image. The sub-wavelength aperture about 100 nm in diameter, and concentric periodic corrugations were fabricated on a silver thin film. 
d) Measured transmission spectra for each filter with a different period from 350 to 700 nm. e) Optical microscope images of the plasmonic color filter 
with different period shown in (d). f) Back-illuminated microscope images of the fabricated hole array filters. (Inset) SEM image of a representative 
hole array filter. a) Reproduced with permission.[17b] Copyright 2010, Springer Nature. b–e) Reproduced with permission.[238] Copyright 2018, Optical 
Society of America. f) Reproduced with permission.[240] Copyright 2012, American Chemical Society.
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Compared with traditional optical filters, plasmonic filters 
have many advantages, such as higher reliability under long-
term exposure at high temperatures and/or ultraviolet irra-
diation.[240] Also, the transmission wavelength and polarization 
can be easily controlled,[244] and the device is much thinner and 
easy to be fabricated.[236a] These features of plasmonic filters 
have shown huge potential for industrial applications. The plas-
monic filters have particular usages on spectral analysis, such 
as gas sensing, disease diagnosis, and security monitoring. 
Plasmonic RGB filters have demonstrated their potential to 
replace the organic color filter in digital cameras. However, 
transmission efficiency needs to be further increased.

4.5. Plasmonic Band-Edge Laser

Compared with conventional lasers, plasmonic nanolasers 
can support ultrafast dynamics and ultrasmall mode volumes, 
and they have been widely used in optics and biological appli-
cations. However, they contest heavy losses, including Ohmic 
loss, radiation loss, and scattering loss, etc. The Q-factor of the 
plasmonic lasers is lower than that of their photonic counter-
parts. However, plasmonic lasers have many advantages when 
the laser size is shrunk to or below the diffraction limit. High-Q 
plasmonic resonances can assist plasmonic nanolasers in 
resolving these issues. Single-band edge states can trap light, 
and the LDOS can be enhanced near the band edges due to 
the reduced group velocity. The modified LDOS can strongly 
increase not only spontaneous emission rates but also stimu-
lated emission processes, leading to boosted laser modulation 
speeds with low-threshold lasing.[19a,245] Also, Band-edge modes 
with low group velocity can boost the light-matter interaction 
with gain materials, and thus allowing for the compensation of 
the loss of SP at band edge modes.

Due to the extremely small mode volumes and high optical 
field enhancement, plasmonic crystals, such as metal hole 
arrays,[246] nanodisk arrays,[247] and bowtie dimers arrays[248] 
have been reported for nanoscale band-edge lasing. For 
example, Zhou et  al. used 2D Au nanoparticles arrays on a 
glass substrate covered by an organic gain medium to make 
a plasmonic band-edge laser, as shown in Figure  19a.[249] The 
calculated extinction of band-edge lattice plasmons agreed with 
emission spectra, as shown in Figure  19b,c. The stimulating 
energy can be transferred from the gain to the band-edge lattice 
plasmons because the SLRs sustain a large LDOS. In the plane 
of the nanoparticle arrays, a standing wave can be formed at 
the edge of nanoparticles with dipole–dipole coupling, and the 
stimulated emission can be generated in these optical enhance-
ment fields with pump pulse. As a result, a lasing linewidth 
<1.3  nm  and 200-fold enhancement of the spontaneous emis-
sion rate was achieved. The lasing action can be tuned in real-
time by changing the solid gain materials into liquid based on 
band-edge lattice plasmons.[250] The lasing direction mentioned 
above is bidirectional, and thus half the emitted light is wasted. 
By combing the nanoparticle arrays and metal film, Yang 
et  al. designed a unidirectional emission lasing.[251] Grouping 
a single 2D array of nanoparticles into microarrays, multiple 
mode band-edge lasers were achieved—it can precisely control 
the wavelength and spectral separation of the multiple mode 

lasers.[19b] One can conclude that nanoparticle arrays that sup-
port SLRs are ideal structures for band-edge lasing because 
they not only have a high Q-factor and localized field enhance-
ment around the nanoparticles but can also slow light at the 
SLR band-edge with a standing wave.[252]

The major advantages of band-edge lasing are low threshold 
and narrow emission linewidth. In general, plasmonic lattices 
can support dark and bright SLR modes. The dark modes can 
have a higher Q-factor, which is convenient for lasing com-
pared to bright modes. Hakala et  al. demonstrated that band-
edge lasing in both dark and bright modes are feasible. The 
dark mode has a higher emission intensity, a lower lasing 
threshold, and a narrower linewidth than the bright mode.[253] 
Guo et al. studied the lasing at K points of the Brillouin zone in 
a honeycomb plasmonic lattice.[254] The energies of diffracted 
orders are shown with dashed lines in Figure  19d, which can 
determine the existence of a lasing mode at ≈1.44  eV (mode 
A1′). By comparing the real-space images with dipole orienta-
tions, it further confirms that the systems can lase in the sin-
glet mode A1′. Figure  19e shows that the singlet A1′ has an 
energy minimum at the K point. Thus, the lasing action con-
firms that band-edge emission enables the minimum excita-
tion threshold. Recently, an ultralow-threshold continuous-
wave band-edge laser has been proposed.[255] Figure 19f shows 
the schematic of the plasmonic lasers—it used Yb3+/Er3+-co-
doped gain materials coated on Ag nanopillar arrays to lower 
the lasing threshold. A threshold of 70 W cm−2 was obtained 
at room temperature, orders of magnitude lower than other 
small lasers. This low-threshold band-edge laser opens possi-
bilities for integration of low-power circuits as well as in vivo 
applications.

Recent progress in plasmonic band-edge lasing paves the 
way to achieving engineered nanolasers with deep subwave-
length mode volumes and low threshold. This simple system 
provides rich properties for smaller lasers and provides a bright 
future for open challenges that required multiple materials and 
are restricted to the conventional diffraction limit. Although 
some research groups have demonstrated experimental results 
on plasmonic band-edge lasing, their experimental condition 
requirements are very demanding. Besides, one should con-
quer the temperature effect of metallic nanostructures. For 
example, the high intensity lasing may destroy the metallic 
nanostructures because their melting points will decrease as 
temperature increases. At high pump powers, the input–output 
curves of plasmonic lasers above the lasing threshold do not 
agree with the conventional laser. Also, efficient lasing device 
output power should be boosted to mW scale.

In summary, manipulating high-Q plasmonic resonance to 
enhance the performance of diverse applications have been 
reviewed in this section. In Table 2, we summarize the appli-
cations of high-Q plasmonic resonances with different reso-
nance mechanisms. Some of these resonance mechanisms 
tend to specific design and application needs. For instance, 
SLR is suitable for plasmonic band-edge lasing; multipolar 
resonance is mostly used in SERS and single-photon sources; 
Fano resonances and GMRs are more sensitive to the change 
of the refractive index. Thus, understanding the principles of 
each resonance mechanism can guide us to design appropriate 
applications and achieve the desired performance.
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Figure 19.  a) Scheme of the nanoparticle array laser. The parameter of Au nanoparticle arrays: diameter is 130 nm, height is 50 nm, and the period is 600 nm. 
b) Calculated extinction, scattering, and absorption spectra of 2D Au nanoparticle arrays under normal incident light. c) Measured emission spectra for dif-
ferent input pump pulse energies and polarizations at 800 nm pumped laser light. d) A measured angle-resolved extinction spectrum of a honeycomb lattice 
with particle separation of a period is 576 nm. e) The corresponding eigenmodes on the singlets and doublets obtained by group theory. f) Schematic of the 
upconverting nanolaser coating on top of Ag nanopillars arrays. The period of Ag arrays is 450 nm, the diameter is 80 nm, height is 50 nm. g) Input–output 
curves in log–log scale with emission linewidth narrowing. a–c) Reproduced with permission.[249] Copyright 2013, Springer Nature. d,e) Reproduced with 
permission.[254] Copyright 2019, American Physical Society. f,g) Reproduced with permission.[255] Copyright 2019, Springer Nature Limited.
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5. Outlook and Comments

Surface plasmon has become a rapidly developing frontier 
interdisciplinary subject. Currently, the only practical applica-
tions of plasmonics are SERS and biosensor because the ohmic 
losses is not an essential factor in these applications. High-Q 
plasmonic resonances have essential impacts on many fields, 
such as energy, information, medicine, the environment, and 
so on. In this review, we have introduced versatile methods for 
generating high-Q plasmon resonances, followed by their typ-
ical applications. In addition to the several applications intro-
duced, high-Q resonances are also essential for applications, 
such as switches, optical logic computing devices, hot-electron 
photodetection, nonlinear applications, SERS, among others.

The high-Q plasmonic resonances mean low losses in plas-
monics to a large extent. Although one can design high-Q plas-
monic resonance theoretically, the availability of manufacturing 
technology has become a technical bottleneck to the success of 
achieving high-Q plasmonic resonance. In the past two dec-
ades, new fabrication methods and synthesis techniques have 
been developed to overcome the limitation of conventional fab-
rication routes. However, manufacturing accuracy at nanoscale-
resolution, defects, surface adsorption, etc., remain significant 
challenges for achieving high-Q values. The size of plasmonic 
particles has a pronounced effect on obtaining high-Q factors. 
When plasmonic particles with sizes comparable or smaller 
than the electron mean free path, SPR oscillations experience 
additional damping because of the high probability of elec-
tron collision with particle surface. Micron dimension devices 
have the advantages of easy fabrication, low cost, and large-
scale integration, making them an ideal candidate for various 
targeted applications. For plasmonic applications in the visible 
or near-IR region, the dimensions of the devices are usually 
designed at nanoscale levels. As the feature size of the system 

reduces from micro- to nanoscale dimensions, energy losses 
become apparent. In the longer wavelength region, losses 
become manageable, and thus it is relatively easy to achieve 
high-Q plasmonic resonances in this area. Moreover, nanosize 
effects, such as lowing melting point, interface effect between 
metal and semiconductor heterojunctions, and oxidative prop-
erties of plasmonic materials, may further limit the usefulness 
of the devices in different application environments. Ultrathin 
metal film down to atomic thickness was predicted to possess 
strong plasmons and was experimentally demonstrated that it 
could support 2D plasmons, promising for high-Q plasmonic 
resonances. In general, there is a trade-off between Q-factor, 
fabrication practicality, and cost.

The hybrid plasmonic-dielectric system is promising for 
achieving high-Q resonances because it combines the advan-
tages of both plasmonics and dielectrics. Already, strong 
coupling and bound states in the continuum in a hybrid plas-
monic–photonic nanostructure have been observed.[256] Addi-
tionally, this strong coupling can be achieved between dark 
plasmon and anapole mode in a hybrid metal-dielectric system. 
Low-loss Luttinger liquid plasmonics in metallic single-walled 
carbon nanotubes are free from Landau damping, and it is 
worth further investigating toward achieving high-Q plasmonic 
resonances. Besides, instead of using the intensity of the spec-
trum, the polarization state-based method using plasmonic 
nanostructures can improve the sensing performance by using 
transmitted field 1/e spectra.

Overall, the development of high-Q plasmon resonances 
and their applications strongly depends on further theoretical 
advances and reliable fabrication of the designed structures. 
Although achieving high-Q plasmon resonances is challenging, 
it can be expected to provide solutions for next-generation 
photonic and optoelectronic devices. In our opinion, in the 
steps of putting plasmonics into practice, we should focus on 

Table 2.  A summary of applications with different high-Q resonance mechanism.

Applications Mechanism FWHM [nm] Q-factor Performance Ref.

Spectrally selective thermal emission GMR ≈1000 >4 Temperature: 1000 °C [191]

TPP 45 88 Temperature: 150 °C [184]

Sensors with high sensitivity Gain-assisted plasmonic resonance ≈5 ≈101 1 ppb level DNT detection [212]

Plasmonic Fano resonance ≈20 ≈65 Sensitivity: 1277 nm RIU−1; FOM*: 2.1 × 104 [203]

SLR 20 41 Wavelength response of 6.93 nm per 1% strain variation [202]

GMR 0.6 1375 Sensitivity: 800 nm RIU−1; FOM: 1337 [206]

Single-photon sources with boosted 
Purcell effect

TPP 6 109 PL enhancement factor: 2.5;  
Emission rate: 17 300 counts per second; g2(0) = 0.03

[259]

SLR 50 ≈13 PL enhancement factor: 2.4; g2(0) = 0.29 [232]

GMR 40 ≈33 Volume: V = 2 × 10−5 λ3;
Purcell factor: Fp = 1.68 × 105

[231]

Plasmonic filters Plasmonic Fano resonance 79 ≈21 Line width: 79 nm; transmission efficiency: 44%;  
polarization-insensitive

[260]

Plasmonic band-edge lasing GMR ≈7 180 Mode volume: 0.3 (λ0/n)3 [261]

SLR ≈10 ≈91 Spontaneous emission rate: 200-fold enhancement;  
Lasing threshold: 1 mJ cm−2

[249]

SLR 4.2/6.2 197/139 Lasing threshold: 0.38 mJ cm−2 [19b]

SLR 1 664 Lasing threshold: 70 W cm−2 [255]
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two sides. One aspect is reducing its losses; unless the metallic 
loss is reduced significantly, the promise of plasmonics for 
some applications will remain unfulfilled. Alternatively, we 
should consider utilizing the losses from plasmonic processes 
in novel designs and applications. Losses can find usefulness in 
photocatalysis, hot electron generation, ultrafast switching, and 
photothermal applications. Besides, while the losses are facing 
problems for the plasmonic community in the visible and near-
IR region, we can focus on the midinfrared region and beyond, 
where the losses are manageable.
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