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ABSTRACT | Plasmonic modes provide the potential for rout-
ing information with optical speeds and bandwidth at the
nanoscale. The inherent tradeoff between modal energy con-
finement and energy dissipation, however, makes realizing
this potential an extreme challenge. For decades, researchers
have investigated compensating losses in plasmonic systems
with active gain media. In recent years, progress has in-
creased dramatically, as nanoscale plasmonic amplifiers and
lasers have emerged. We review this progress and offer our
prospective on the challenges ahead.
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I. THE FUNDAMENTAL PROMISE AND
CHALLENGE OF PLASMONICS

It is a historical irony that the first explicit theoretical
prediction of the existence of surface plasmons (SPs)
around visible wavelengths arose from an investigation of
energy dissipation in thin metallic films [1]. Since their
discovery, much of the technological interest surround-
ing SP has been overcome by the fact that many of their
applications suffer from dissipation losses inherent to the
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metal films which bring about their existence. In his
2006 review, Ozbay outlined both the fundamental
promise and challenge with plasmonics—that it has “the
capacity of photonics and the miniaturization of electron-
ics,” with the inherent “...trade-off...between mode con-
finement and propagation loss” [2]. The fulfillment of
the promise of plasmonics, according to Ozbay, required
significant research advances, including optical metallic
waveguides (WGs) with propagation losses comparable to
conventional dielectric WGs, efficient and tunable plas-
monic sources, as well as active control of plasmonic
signals [2].

In this review, we survey the efforts of researchers in
advancing the field of plasmonics toward its promise and
offer a perspective on future directions and challenges.
The review covers fundamental principles and history,
but focuses on the most recent advances and obstacles
facing the community with respect to loss compensation
of plasmonic signals. In Section II, we review amplifica-
tion of propagating modes, including systems of one, sev-
eral, and many metal-dielectric (MD) interfaces. This is
followed by a review of amplification and lasing of cavity
modes in Section III. Last, in Section IV, we offer our
prospective on future directions. First, however, we be-
gin with a brief overview of the basic problem.

According to classical electromagnetic theory, a sur-
face plasmon-polariton (SPP) is an electromagnetic
mode existing at the interface between a metal and a di-
electric, where the metal and the dielectric are repre-
sented by electrical permittivity functions whose real
parts have different signs [3]. While the existence of sur-
face waves at the interface of dissimilar media was pre-
dicted by Zennek [4] and Sommerfeld [5], the relation of
electromagnetic surface waves to oscillating electrons
came later [1]. From a condensed-matter physics per-
spective, an SPP is a collective oscillation of the
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“electron sea” against the stationary positively charged
ion background that is excited by incoming radiation that
matches the frequency and momentum of the collective
oscillation [6]. The beauty of SPPs rests in the fact that
their energy may be much more spatially confined rela-
tive to modes in purely dielectric media. This is most
easily seen through the SPP dispersion relation of a
transverse-magnetic (TM) polarized wave for a single
MD interface [3]

EMED

Ngpp = 7(51\4 +€D)

)

where ngpp is the effective index, and ep and ep are
the electrical permittivity of the metal and dielectric, re-
spectively, which are generally complex-valued functions
of frequency.

The fundamental problem with SPPs is illustrated by
Fig. 1. In Fig. 1(a), the effective index is plotted as func-
tion of frequency w for an SPP at the interface between
silver and air, where &) is calculated from the Drude
model with interband transitions ignored [5],
em=1—wi/(w? +jlw), with wp and ' being the
plasma and damping frequencies of silver, respectively.
In the limit of I' = 0 [green curve, inset of Fig. 1(a)],
ngpp is purely real and unbounded, indicating theoreti-
cally that the guided energy may be confined to an

arbitrarily small distance from the interface. In reality,
I' > 0 always, and the real part of ng, [solid blue curve
in Fig. 1(a)] has an upper limit. As the real part of ngpp
increases, so too does the imaginary part [dashed red
curve in Fig. 1(a)], describing the fact that increased en-
ergy confinement always comes at the expense of in-
creased energy dissipation. In Fig. 1(b), we consider
silver and indium gallium arsenide phosphide (InGaAsP)
as the metal and dielectric, respectively. Note that in the
absence of external pumping, InGaAsP is absorbing in
the near-infrared, as indicated by a large increase in the
imaginary part of ngpp at the material bandgap near 1.55
pm. Compared to the bulk refractive index of InGaAsP
[solid blue curve in Fig. 1(b) ], the real part of the SPP
index [solid red curve in Fig. 1(b)] is greater, indicating
greater confinement of energy. However, the imaginary
part of the SPP index [dashed red curve in Fig. 1(b)] is
also greater than that of bulk InGaAsP [dashed blue curve
in Fig. 1(b)], indicating a greater rate of energy dissipa-
tion. For a quantum mechanical description of the inher-
ent tradeoff between modal energy confinement and
dissipation, see [7], which emphasizes that energy con-
finement is wultimately limited by nonlocal Landau
damping.

Beyond single MD interfaces, scientists and engineers
have suggested more complex MD configurations. One
example is the dielectric-metal-dielectric (DMD) wave-
guide, also referred to as insulator-metal-insulator
(IMI), in the literature. When the metal layer is

(a) 2 T T .
2
1.5

15} 1 real(ng,,.) without loss 1

0.5

o 0.

8 1 0 5 10 15 20 |

-

3

0 ; 10 15

(real or imag)

20
Nspp

(b) 38 ;

0.032

E n
S \
n 1
3.7 N\ il

0.024

0.016

real (n)
imag (n)

35 n Y

0.008

43

14
Wavelength (pm)

Fig. 1. Graphic of the fundamental problem. (a) As the real part of the effective index of an SPP at a silver-air interface increases
(solid blue line), describing increasing energy confinement, the imaginary part of the index also increases (dashed red line), describing
energy dissipation. For applications in data transmission, confinement is desirable but dissipation is unwanted. Silver is modeled as a
Drude metal [103]. Note that neither curve actually reaches zero. The inset includes SPP dispersion for the hypothetical case of a
lossless metal (green line). (b) Comparison between the wavelength dispersion of an SPP at a single MD interface (inset: schematic of
MD interface) and the dispersion of the bulk dielectric. In this case, we use silver as the metal with experimentally determined
electrical permittivity [104] and InGaAsP as the dielectric with theoretically calculated permittivity [92]. The real part of the effective
index of the SPP (solid red curve) always exceeds that of the dielectric (solid blue curve), which enables applications utilizing energy
confinement, however, the imaginary part (dashed red) also exceeds that of the dielectric (dashed blue), signifying a greater rate of

energy dissipation.
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sufficiently thin, strong coupling between the adjacent
SPPs leads to degeneracy splitting and the formation of
two distinct modes. Both modes exhibit the behavior that
greater confinement costs greater dissipation. However,
as the metal gap becomes smaller, one mode—the field-
symmetric, charge-asymmetric mode—becomes less con-
fined and less dissipative. This so-called long range SPP
(LRSPP) was discovered as a compromise between the
extreme mode confinement and significant loss, and was
recognized as a promising carrier of information in mi-
croscale environments (see [8] for a comprehensive re-
view of this particular mode and its applications). One
may argue, however, that using the LRSPP does not re-
ally solve the fundamental problem. To mitigate the in-
herent dissipation loss in MD systems, for example, if
the energy of an SPP may become increasingly confined
while the effective rate of dissipation remains constant,
then active media, i.e., a dielectric with gain, is required.

In addition to SPPs, which propagate along MD inter-
faces, localized surface plasmons (LSPs) are nonpropa-
gating modes existing in isolated MD systems, such as
metal nanoparticles in a dielectric host [3]. Another type
of plasmonic mode also emerges when many MD inter-
faces are placed sufficiently closely together, the Bloch
plasmon-polaritons (BPPs),
plasmon-polariton (VPPs). Generally BPPs exhibit larger
real and imaginary effective indices than SPPs [9], which

also known as volume

makes the fundamental problem between energy confine-
ment and dissipation even more pronounced for applica-
tions requiring signal transmission.

SPPs, LSPs, and BPPs owe their existence to the un-
ique optical properties of metals. The optical density of
states (DOS) in MD systems is greatly increased com-
pared to purely dielectric systems. This is fundamentally
related to the fact that plasmonic modes are not limited
by diffraction. While a dielectric waveguide or cavity will
only support modes on the scale of half the operating
wavelength, MD systems support modes to arbitrarily
small scales in the limit of no losses. The density of
modes may be extremely large and even theoretically in-
finite in some arrangements, however, the lifetime of
these states may be extremely short, which is another
way of describing the tradeoff between confinement and
loss inherent to plasmon—polaritons. Nonetheless, the
short lifetime may be useful for applications requiring ul-
trafast transient effects [10]. The ability to design MD
systems and engineer the optical DOS provides unique
avenues for active devices that address the fundamental
problem of plasmonics.

SPP, LSPs, and BPPs are useful for any application
where spatially confined energy is valuable. Major appli-
cations include imaging and lithography below the con-
ventional diffraction limit [11]-[13], cancer therapy [14],
[15], single-molecule sensing [16], surface-enhanced Ra-
man spectroscopy (SERS) [17], [18], data transmission
[19], [20], data storage [21], enhancement of nonlinear

processes [22], [23], and the modification of spontane-
ous emission rates [24]-[26]. For some applications,
such as cancer therapy and data storage, conversion of
EM energy to heat is essential and dissipation is desir-
able. Additionally, applications in sensing can afford
excessive losses. For other applications however, like
data- and telecommunications signal generation and
propagation, energy dissipation is unwanted. In this re-
view, we focus on the latter problem, which is consid-
ered the major roadblock to the use of plasmonics in
scaling photonics down to the dimensions of electron-
ics while retaining its extraordinary bandwidth and ul-
trahigh speed [2].

II. AMPLIFICATION OF
PROPAGATING MODES

Besides all possibilities enabled by SPPs, LSPs, and VPPs,
most realistic applications—and all applications in signal
generation and propagation—suffer from the inherent
problem of dissipation losses due to the constituent
metal. A strategy to overcome this issue is to introduce
optical gain in the dielectric constituent of the struc-
tures. Indeed, gain media can reduce the effective propa-
gation loss and increase the SPP propagation length,
enable transparent propagation, or overcompensate prop-
agation losses and lead to amplification and even stimu-
lated generation of SPPs. A quantum description of the
process involving electrical dipoles and SPPs near an MD
interface is well described by Berini and De Leon [27]
(and references therein). In Sections II-A and II-B, we
discuss amplification of SPPs at one or several MD inter-
faces and loss compensation of BPPs in coupled MD sys-
tems, respectively.

A. Amplification in Systems of One or Several
MD Interfaces

The first theoretical study of amplification with SPs
was realized by Plotz et al. [28]. The authors considered
a thin film of Ag over a prism, and in contact with a gain
medium (dye solution), to demonstrate enhanced reflec-
tance from an amplified medium due to the SPs excita-
tions. In fact, they estimated the threshold gain
(unrealistic at that time) to create a reflection singularity
related to the plasmonic resonances. Subsequently,
Sudarkin and Demkovich studied the propagation of
SPPs on metal-gain media interfaces for transversally
bounded and unbounded optical excitations, proposing
for the first time the concept of surface plasmon laser
[29]. A more formal description of gain-assisted propaga-
tion of SPPs on planar metal waveguides was realized by
Nezhad et al. [30]. The authors considered complete so-
lutions to Maxwell equations to calculate the propagation
constants and Poynting vectors for several waveguide
geometries, considering InGaAsP as the gain media.
They investigated the wavefront behavior for SPPs and
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theoretically predicted amplification with realistic gain
coefficients. In the same year, Avrutsky also predicted
amplification of SPPs with extremely large effective re-
fractive indexes (slow-light effect) in nanoscale metallic
gratings over an optically amplified gain media [31].

Experimentally, SPP amplification was first used in
quantum cascade lasers (QCLs) as a substitute for thick-
er dielectric waveguide cladding layers [32]. The QCL
with metal cladding reduced total layer thickness, im-
proved the modal confinement factor for stronger cou-
pling of the mode to the active material, and exhibited
low ohmic losses for the emission spectral window of in-
terest [33]. The first experimental demonstration of
stimulated emission of SPPs was realized by Seidel et al.
at the interface between a flat silver film and a solution
containing organic dye molecules [34]. Optical pumping
created a population inversion in the dye molecules that
exchange energy with the plasmonic field while dips in
the reflection probe indicate a signature of the stimu-
lated emission of SPPs. A theoretical description of this
system was proposed by De Leon and Berini [35]. In
their model, the authors included position-dependent di-
pole lifetime and nonuniformity of the pumping mecha-
nism to describe adequately the SPP amplification
phenomenon. Shortly thereafter, Noginov et al. sup-
pressed the loss of SPPs propagating at the interface be-
tween silver film and optically pumped polymer with
dye [36]. The experiment was similar to the one of
Seidel et al., but separated internal, radiative, and total
losses, and the propagation length of the SPPs. The fol-
lowing work from the same group, using the same struc-
ture, was the demonstration of stimulated emission of
SPPs through a distinct threshold in the light-light curve
together with the narrowing of the emission spectrum
[37]. Additionally, the authors created the term “active”
nanoplasmonics in the same time that Kumar et al.
proposed the control of SPP waves via stimulated
electron-hole recombination on a p-n junction interfac-
ing a metallic surface [38]. More complex designs were
then proposed to amplify SPPs, including interaction
with a resonant gain media composed of quantum dots
[39], optical parametric amplification in a nonlinear hy-
brid waveguide [40], and a plasmonic surface close to a
gain medium tethered to a whispering gallery mode reso-
nator with high-quality factor [41].

Increasing the number of interfaces to two, consider-
ing a thin layer of metal bounded by dielectrics, the
SPPs existing in the two interfaces can couple forming
so-called SPP supermodes [42], [43]. If the supermode is
field symmetric and charge asymmetric, the confinement
is reduced; however, the attenuation is also reduced, in
comparison with an SPP at an isolated interface. These
modes are called long-range SPPs (LRSPPs) [8]. The
field-asymmetric and charge-symmetric supermode has
opposite properties and presents a higher confinement
with increased attenuation. These modes are called
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short-range SPPs (SRSPPs) [44]. The LRSPPs are of fun-
damental importance because their smaller attenuation
results in a smaller gain requirement for amplification
of these surface waves. As discussed before, a more inter-
esting design consists of MDM structures, since the
mode is strongly confined in the amplified region that
support cavity modes.

Amplification of SPPs occurring in coupled MD inter-
faces (Section II-B) has led to research on amplification
of plasmonic cavity modes, coupled or not to electromag-
netic cavity modes (Section III), being of fundamental
importance for the development of nanoscale sources of
coherent emission of radiation.

B. Amplification in Systems of Many MD Interfaces

As a precursor to the description of plasmonic modes
in cavity structures, we first discuss research on strongly
coupled SPPs, which arise when many adjacent MD in-
terfaces are separated by distances on the order of the
penetration length of the SPP. The literature on the the-
ory of coupled MD systems is substantial (see [9], [42],
[43], and [45]). In the limit of an infinitely periodic MD
system, Bloch’s theorem may be invoked and the pho-
tonic bandstructure calculated, which reveals the exis-
tence of modes with effective indices significantly
greater than the effective index of an SPP at a single MD
interface. For MD layer thicknesses much smaller than
the operation wavelength, effective medium theory
(EMT) may be used [46], [47]. When the elements of
the effective permittivity tensor arising from EMT have
opposite sign, waves with an electric field component
normal to the MD interfaces (TM polarization) exhibit
hyperbolic dispersion. The study and manipulation of
these modes, in both engineered and naturally existing
materials [48], has led to the burgeoning field of hyper-
bolic metamaterials (HMMs) [49]-[51]. In the limit of
EMT, the optical DOS of HMM:s scales with the momen-
tum (neg) and, in the further limit of lossless EMT, is
unbounded. For a finitely periodic MD system with
losses, the optical DOS (and n.g) has an upper bound,
and is related to the periodicity, a, of the system,
through DOS ~ kyax = koNeff max = 7/a. Unfortunately, as
the real part of the effective index increases, so too does
the imaginary part. This has naturally led to theoretical
investigations of HMMs with gain media, to reduce the
imaginary part, ideally to the ultimate limit of zero for
the “holy grail,” of a transparent HMM.

Ni et al. considered gain provided by a saturated dye
in an MD system composed of silver and a low-index di-
electric [52]. Various analytical techniques were com-
pared using EMT, nonlocal EMT, Bloch’s theorem, and
Fourier modal analysis. For modes propagating normal to
the plane of the layers, complete loss compensation was
deemed feasible under realistic gain conditions, whereas
modes propagating in the plane required unphysical gain
levels. Additionally, simulations predicted that gain could
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improve the resolution of subdiffraction-limited imaging
devices and provide for a smaller phase variation in epsi-
lon-near-zero transmission devices. Dye-doped low-index
dielectrics in combination with silver were also analyzed
by Agryopolus et al. [53]. Using the transfer matrix
method (TMM), factor of two improvements in transmis-
sion of negatively refracting waves were predicted,
but full loss compensation was deemed impractical.
Savelev et al. invoked Bloch’s theorem to analyze generic
MD systems, again resembling silver and a low index
dielectric with dye as the gain media [54]. Full loss com-
pensation was predicted for high-k waves propagating
normal to the plane of the layers, useful for improved
subdiffraction-limited imaging. The potential existence of
convective instabilities associated with amplified sponta-
neous emission was also revealed, which could be harm-
ful for practical applications. Savelev et al. later used
TMM to look at similar MD systems with a finite number
of periods [55]. It was shown that modest transmission
improvements were feasible, however, it was predicted
that the Purcell effect, i.e., enhanced spontaneous emis-
sion rates near the plasma frequency of silver, would
degrade the effect of loss-compensation. Smalley et al.
presented general conditions for achieving lossless propa-
gation in HMM waveguides under the EMT assumption
[56]. Using InGaAsP multiple quantum wells (MQWs) as
the dielectric, it was shown that the use of silver as a
metal allowed for lossless and amplified propagation
normal to the layer interfaces. On the other hand, when
silver was replaced with a low-loss transparent conduct-
ing oxide, loss compensation could not be achieved with
realistic levels of gain. Smalley et al. later used the scat-
tering matrix and finite-difference-time-domain methods
to analyze InGaAsP-based MD systems with a finite num-
ber of periods [57]. Amplification of high-k modes in the
silver-InGaAsP system was predicted.

Thus far, experimental demonstration of HMMs with
gain media for reducing losses of BPPs remains elusive.
However, Galfsky et al. demonstrated that quantum dots
(QDs) embedded inside an HMM exhibit spontaneous
emission lifetime a factor of 10 smaller than the same
QDs on a dielectric surface, as well as intensity enhance-
ment [25]. Additionally, Lu et al. showed spontaneous
emission enhancement and decay lifetime shortening of
dye molecules on silver—silicon HMMs with grating cou-
plers [24]. More recently, Smalley et al. demonstrated an
HMM wherein InGaAsP MQW simultaneously func-
tioned as the constituent dielectric and light-emitting
material [58]. In addition to intensity enhancement of
photoluminescence, the unique Ag/InGaAsP multilayer
configuration exhibits extreme polarization anisotropy of
both absorption and emission. While not directly com-
pensating for losses of propagating modes, these proof-
of-concept experiments should undoubtedly encourage
further work on realizing the “holy grail” of a transpar-
ent HMM.

In addition to MD systems that form HMMs, other
metamaterial (MM) configurations with amplification
have been studied and realized. These include parametric
amplification in generalized left-handed media [59],
[60], optical pumping of fishnet metamaterials [61], [62]
and 3-D periodic arrays of core-shell nanoparticles [63].
Generally, schemes for loss compensation in MMs usu-
ally have improvements of applications of negative re-
fraction in mind, e.g., achieving higher resolution
imaging. MD systems, however, may also serve as plat-
forms for extremely compact sources of radiation, the
subject of the next section.

IITI. AMPLIFICATION OF CAVITY
MODES AND LASING

The previous sections reviewed theoretical and experi-
mental progress in circumventing the fundamental trade-
off between energy confinement and dissipation of
guided plasmonic modes using optical gain media.
Achieving efficient nanoscale coherent plasmonic sources
additionally requires overcoming radiation loss by the de-
sign of clever cavity feedback architectures. In this sec-
tion, we review SPASER, nanowire, and metal-
dielectric-metal (MDM) laser architectures, all of which
prove the feasibility of nanoscale plasmonic sources.
Additionally, we review sources based on stopped light
(SL), which offer the novel property of lasing in the ab-
sence of a physical cavity.

A. SPASER

In 2003, Bergman and Stockman proposed a mecha-
nism to generate temporally coherent surface plasmon
modes strongly localized in a V-shaped metallic inclusion
plane surrounded by a gain media, shown in Fig. 2(a)
[64]. This mechanism allows the surface plasmon ampli-
fication by stimulated emission of radiation (SPASER).
The surface plasmon field close to the vicinity of a
metal oscillates and induces stimulated transitions in
the gain media close to the metal. In turn, the gain me-
dia amplifies the localized surface plasmon field leading
to their stimulated emission [65] (see [66] and [67] for
theoretical details). Fig. 2(b) illustrates the SPASER
mechanism that, in principle, is similar to a laser in
that there is an amplifying medium within a resonant
cavity to provide feedback. The difference is that plas-
mon modes are considered dark modes without outcou-
pling to the far field. However, if the dielectric cavity
allows, the plasmon oscillations can couple into the pho-
tonic modes emitting to the far field. Our use of the
designation SPASER is reserved for devices wherein the
lasing wavelength and LSP or SPP resonance are rela-
tively close to one another. In this case, energy injected
or photoexcited into the cavity is predominantly ex-
changed with the dark plasmonic mode, rather than a
radiating photonic mode.
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Fig. 2. (a) Local field amplitude of coherent surface plasmons in a V-shaped metallic inclusion plane where the dimensions are in
nanometers [64]. (b) Schematic of a SPASER made from a metallic nanoshell on a dielectric core surrounded by nanocrystal quantum
dots (left); and the schematic of the respective energy levels and transitions (right) [67]. (c) Stimulated emission spectra of a
nanoparticle sample for five pumping powers. Left inset is the scanning electron microscope (SEM) image of Au/silica/dye core-shell
nanoparticles. Right inset is the spaser mode for a single nanoparticle [68]. (d) Plasmonic waveguide (Au-film) sandwiched between
optically pumped InGaAs quantum-well gain media [71]. (e) Three-dimensional array of coupled Au bowtie over an organic gain
material substrate (left) and the lasing spectral evolution with pump energy and the respective light-light curve (right) [72].

The first experimental demonstration of a SPASER
was realized by Noginov et al. [68]. The authors used
nanoparticles consisting of a gold core surrounded by a
silica shell containing an organic dye and presenting a
dipole-like mode. The spectral evolution, the nanoparti-
cles, and the mode profile are shown in Fig. 2(c). In
this case, the feedback mechanism is provided by the
surface plasmon oscillating modes [69]. Several other
researchers claimed to demonstrate SPASERs. Zheludev
proposed the so-called lasing SPASER, a 2-D array of
asymmetric split-ring resonators (SRRs), with in-phase
collective oscillations of antisymmetric currents, sup-
porting coherent current excitations with high-quality
factor and capability of emission into the free space
[70]. On an integrated platform, the first claimed room
temperature (RT) spasing was made by Flynn et al. in
2011, by sandwiching a gold-film plasmonic waveguide
between optically pumped InGaAs quantum-well gain
media, as shown in Fig. 2(d) [71]. The very large differ-
ence between the lasing frequency and SPP resonance
make the claim of spasing contentious. Experimental
demonstration of spasing was also claimed by Suh et al.
in 2012 with a room-temperature nanolaser based on
3-D Au bowtie supported by an organic gain material as
shown in Fig. 2(e) [72].

6 PROCEEDINGS OF THE IEEE |

The SPASER enabled the development of new clas-
ses of light emitting devices, one of which are plas-
monic nanowire lasers, to be described in the next
section. However, even with the effort to understand
the linewidth enhancement of SPASERs [73], reach
lower power thresholds [74], obtain tunable surface
plasmon resonances [75], and use new materials, such
as graphene [76], SPASER devices presented lack the
important property of electronic control. Electronically
addressable plasmonic lasers will be presented in
Section III-C.

B. Nanowire Lasers

A plasmonic nanowire laser, theoretically proposed
and experimentally demonstrated by Oulton et al. [77],
[78], consists of a very thin low-index dielectric layer
separating a metal surface and a high-index semiconduct-
ing nanowire, which functions as the gain medium. In
this configuration, the low-index region supports a TM
polarized photonic and plasmonic mode hybridized in
the transverse direction, allowing the propagation of
SPPs over long distances [79]. The plasmonic modes res-
onate between the reflective nanowire end facets that
form a Fabry—Perot cavity. The SPP threshold occurs
when the modal gain overcomes the modal losses of the
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Fig. 3. (a) Schematic of the main surface plasmon damping mechanisms and (b) characterization of CdSe nanowire coupled to Ag
nanowire [80]. (c) Schematic and (d) oscillation and threshold characteristics of the deeply subwavelength cds semiconductor
nanowire on top of a silver substrate, separated by a MgF spacer [78]. (e) Schematic and (f) emission spectrum of all-color InGaN/GaN
core-shell nanorod plasmonic laser [85]. (g) Schematic and (h) emission of ultraviolet plasmonic triangular GaN nanolaser device. [87].

system. There are four principal loss mechanisms: intrin-  thickness, Liu et al. demonstrated an enhancement of
sic ohmic damping, extrinsic radiative emission at the the Burstein-Moss (BM) effect leading to an emission
end facets [7r.d, subpanel (i) of Fig. 3(a)], extrinsic scat- blue shift from 504 to 483 nm [Fig. 3(e) and (f)]. The
tering of propagating SPPs due to surface roughness BM effect is the change of the bandgap due to filling of
[Vscd> subpanel (ii) of Fig. 3(a)], and extrinsic scattering electronic states close to the conduction band [83], [84].
of propagating SPPs at the materials interfaces [80] The dependence on the electron carrier concentration
[Vscat> subpanel (iii) of Fig. 3(a)]. The strong mode confi- that, in principle, can be modulated by SPPs, provides
nement and a high-quality high-gain material allowed potential efforts for the development of actively tunable
Oulton et al. to demonstrate deep subwavelength lasing nanowire lasers.
action of SPPs with mode areas as small as A\?/400 None of the described progress on plasmonic nano-
[Fig. 3(c) and (d)] [78]. wire leasers would be possible without the development
A spatially separated plasmonic cavity would create of special techniques for metal deposition and high-
opportunities for ultrafast modulation of lasers due to quality crystal growth to reduce the damping losses of
the fast relaxation time of plasmon oscillation in metals, the cavity. In this context, Lu et al. demonstrated re-
down to ~10 fs [3], [10]. By near-field coupling of a markable work developing a smooth epitaxial silver film
high-gain CdSe nanowire with an Ag nanowire, Wu et al. growth together with the growth of InGaN/GaN core
demonstrated a plasmonic nanowire laser that provides shell hexagonal nanowires with very well-defined facets
spatially separated photonic far-field output (from the [85]. Their work opens a scalable platform for low-loss
end facet of the CdSe nanowire) and highly localized co- nanoplasmonics. Indeed, several works reported plas-
herent plasmon modes (from the end facet of the Ag monic nanowire lasers operating at RT [86], [87].
nanowire) [Fig. 3(b)] [81]. In this case, the photonic and Recently, Zhang et al. demonstrated an efficient RT
plasmonic mode is hybridized along the longitudinal di- low-threshold plasmonic nanolaser [Fig. 3(g) and (h)]
rection allowing the spatial separation. [87]. The laser consists of a triangular GaN nanowire
In terms of tunability, lasing action of plasmonic over Al substrate with a SiO, spacer, providing a larger
nanowires over the entire visible spectrum was demon- photonic-plasmonic modal overlap and consequently
strated by Liu et al. [82]. Tuning is achieved by varying a more energy-efficient transfer channel of exciton—
the gain composition rather than the resonator geometry. plasmon coupling.
This leads to another desired property for multifunc- Thus far, plasmonic nanowire lasers have been dem-
tional applications, wavelength tunable plasmonic nano- onstrated at RT, offering the possibility of modulation
wires. By reducing the spacer (low-index dielectric layer) and wavelength  tunability.  Electrically pumped
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plasmonic nanowire lasers remain to be demonstrated,
however. To a large extent, this may be attributed to
the difficulty of integrating metal contacts with the
nanowire for the proper control and injection of charge
carriers. In the next section, we discuss the most prom-
ising architecture for electrically pumped plasmonic la-
sers, the MDM heterostructure. For a comparison of
electrically pumped nanolasers to vertical-cavity surface-
emitting lasers, see [88].

C. MDM Lasers

MDM heterostructures serve as a promising archi-
tecture for nanoscale plasmonic sources, due to their
strengths of electronic addressability and mode selectiv-
ity. The former enables better pumping control and
ability for direct modulation, while the latter feature is
required for lasing without a threshold.

In the experimental work of Hill et al. [89], an MDM
laser in which a Fabry—Perot cavity is formed by termi-
nating the two ends of an infinite MDM waveguide is
demonstrated. The device schematic and the SEM image
of a fabricated structure are shown in Fig. 4(a) and (b),
respectively. It consists of a rectangular cross-section
InP/InGaAs/InP pillar with a conventional double hetero-
structure in the vertical direction. The pillar is sur-
rounded by a 20-nm-thick insulating silicon nitride (SiN)
layer and is then encapsulated in silver. The InGaAs
layer of height h = 300 nm forms the gain medium, and
the index contrast between InGaAs and the InP confines
the light vertically in the waveguide. Electrons are in-
jected via the top of the pillar, and holes are injected via
a large area lateral contact at the bottom away from the
pillar. The pillars were made in lengths [, of 3 or 6 pm,

and with the semiconductor core width d varying from
90 to 310 nm.

A mode travels in the waveguide along length [ until
it reaches the end of the waveguide terminated by the
encapsulating silver, where the light is reflected back
into the waveguide. Although the inhomogeneous wave-
guide core (SiN/InGaAs/SiN) distorts the propagating
gap plasmon mode’s shape somewhat from that in a ho-
mogeneous MIM core (in the case of mere InGaAs),
this distorted mode can still propagate in waveguides
with d far below the diffraction limit. Lasing from the
gap plasmon mode were reported in devices with In-
GaAs width d ranging from 90 to 130 nm (making the
total core width 130-170 nm). Although lasing was only
observed in the temperature range between 10K and
78K due to the elevated material gain and reduced
metal loss at cryogenic temperatures compared with the
more practical RT, it marks the first plasmon laser that
is electrically pumped and that operates at telecommu-
nication wavelengths. It is also worth noting that as the
width d increases, the supported mode morphs from
the gap plasmon mode, whose energy is concentrated
at the metal/dielectric interface, to TE mode, whose
energy is concentrated in the dielectric core. The in-
crease in the mode confinement of TE mode compared
to gap plasmon mode is accompanied with the decrease
in the modal loss, and as a result, TE mode lasing at
RT was observed in devices with d = 310 nm.

With the knowledge of the mode spacing from emis-
sion peaks in measured spectra as well as from eigen-
mode simulation, an estimation of the group velocity
(or group index) of light in the device can be made.
Fig. 4(c) plots the estimated group index versus d. The
shape of the experimental group index curve indicates

15

Group Index
)

(4]

0 100 200 300
Semiconductor core width (nm)

(b) (©

Fig. 4. Structure of cavity formed by a rectangular semiconductor pillar encapsulated in silver. (a) Schematic showing the device
layer structure. (b) Scanning electron microscope image showing the semiconductor core of one of the devices. The scale bar is 1 ym.
(c) Spectra and group index, estimated from mode spacing in device spectra versus device semiconductor core width (blue circles:
estimates from 6-um-long devices, blue triangles: estimates from 3-um-long devices. All measurements at 78K except for the two
smallest core widths, which were at 10K. Blue, green, and red curves: simulated group index. Blue—semiconductor only filled MISIM
structures. Green—including the SiN layers. Red—including SiN layers and varying dispersion for the InGaAs core. (Adapted from [89].)
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that, for wider devices, the confinement of modal en-
ergy, I', in the InGaAs is large. Consequently, there is
less interaction between the mode and metal cladding
and hence lower losses. As a result, compared to de-
vices with narrower width, the semiconductor carrier
density and gain required for lasing is less, leading also
to a lower dispersion, and finally to a lower group index
around 5 for large d. As d decreases, I' decreases, due
in large part to the SiN, as a significant amount of the

propagating mode energy can be contained in the SiN
[73]. The evolution of group index with increasing semi-
conductor core width, that is, from divergence at nar-
row widths to constancy at wide widths, confirms the
transition from the gap plasmon mode to TE photonic
mode. Evident from the discrepancy between experi-
mental curve and calculated group index without taking
into account of gain medium dispersion (green and red)
in Fig. 4(c), dispersion should always be included when
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Fig. 5. Nanoscale coaxial laser cavity. (a) Schematic of a coaxial laser cavity. (b) SEM images of the constituent rings. The side view
of the rings comprising the coaxial structures is seen. The rings consist of SiO, on top and a quantum well gain region underneath.

(c) simulation of electromagnetic properties of the nanolaser at 4.5K. (d)-(f) Optical characterization of unity 3-factor nanoscale
coaxial cavities, light-light curve, linewidth versus pump power, and spectral evolution diagram for unity -factor lasing in Structure
B. (d) Light-light curve, (e) spectral evolution, and (f) linewidth evolution at 4.5 K. The pump power is calculated as the fraction of
the power incident on the laser aperture. The solid curve in (d) is the best fit of the rate equation model. The resolution of the
monochromator was set to 1.6 nm. (Adapted from [90].)
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assessing the possibility of lasing from gap plasmon
mode in MIM structures.

The work above established the baseline for realizing
MDM plasmonic mode nanolasers. However, the device
is several wavelengths long in the wave-guiding direc-
tion. The nanolaser by Khajavikhan et al. [90] represents
an MDM waveguide—Ag/InGaAsP/Ag with InGaAsP
width of 100 nm and waveguide length of 1.25 pm—but
wrapped around with the two end facets of the wave-
guide connected, as shown schematically and with an
SEM micrograph in Fig. 5(a) and (b), respectively. The
mode energy is concentrated at the metal-dielectric
interface, as is expected from an MDM structure with
100-nm core width. The cavity also resembles the con-
ventional coaxial cable that supports the cut-off-free
TEM mode, and it is therefore expected that the nano-
scale coaxial cavities can support TEM mode with arbi-
trarily small volume even when the resonator size
becomes deeply subwavelength.

Besides lasing action at 4.5K, this optically pumped
cavity also features unity-0 behavior, where the sponta-
neous emission factor, (S-factor, is the ratio of spontane-
ous emission channeled into the lasing mode with
respect to total spontaneous emission. The evaluation
and control of (-factor has been a sought-after topic in
metal-dielectric-based nanolasers, due to its link with ef-
ficient use of emitted photons and high-speed modula-
tion [91], [92]. Thanks to their small size, the modal
content of the nanocoaxial cavities is sparse, which is a
key requirement to obtain high spontaneous emission
coupling into the lasing mode of the resonator. Further-
more, the semiconductor gain material is utilized as a
spectrum filter, as schematically depicted in Fig. 5(c),
because the number of modes supported by the resonator
that can participate in the lasing process is ultimately
limited to those that occur at frequencies that coincide
with the gain medium’s bandwidth. The light-light curve
of Fig. 5(d), which follows a straight line with no pro-
nounced kink, agrees with the unity B-factor hypothesis.
The unity B-factor property is further evidenced by the
spectral evolution, seen in Fig. 5(e), in which a single
narrow, Lorentzian-like emission is obtained over the en-
tire five-orders-of-magnitude range of pump power. Since
the homogenously broadened linewidth of the gain me-
dium is larger than the linewidth of the observed emis-
sion, the emission profile is attributed to the cavity
mode. The linewidth evolution of the unity- 3 laser also
show interesting behavior: at low pump levels, the line-
width depicted in Fig. 5(e) is almost constant, and does
not narrow with output power, implying that the line-
width shows no subthreshold behavior [93], [94]. The
lack of variation of linewidth with pump power is most
likely the result of the increasing gain-index coupling,
which is a well-known around-threshold behavior in
semiconductor lasers [94], [95]. This linewidth behavior,
though predicted in theory [96], [97], has never been
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reported experimentally in the past, and may be unique
to unity-3 lasers. For a recent general discussion on

high-0, thresholdless light-emitting devices, see [98].

D. Cavity-Free Laser

With the two key aspects of a laser being light ampli-
fication and feedback, cavities typically play an important
role in laser design because they are used to enable feed-
back. In general, laser cavities are constructed such that
photons emitted from a source traverse the cavity many
times, giving rise to a large photon cavity lifetime (large
cavity Q). However, a cavity is not a prerequisite for en-
abling feedback. This concept has previously been ex-
plored in mircoscale and larger random lasers [99]. In
random lasers, feedback arises from multiple random
scattering events that lead to the formation of closed op-
tical paths within the disordered medium [100]. A wave
making a complete roundtrip in the closed optical path
would return to the starting point with the same phase
except for some integral multiple of 2.

Borrowing the design concept from random lasers,
cavity-free feedback is possible in plasmonic nanolasers
as well. Harnessing the slow/stopped light (SL) phenom-
ena to provide local feedback, Pickering et al. designed
a cavity-free nanolaser in which photons are trapped
and amplified in space at the point of generation, with
a theoretically infinite interaction time with the gain
medium [101]. Fig. 6(a) depicts the laser schematics in
this theoretical work: it is based on a planar metal—-
dielectric-metal heterostructures (in the y-direction),
with the dielectric layer consisting of gain medium
(dark blue) sandwiched laterally between a dielectric
without gain but with a nearly identical real index of
refraction (light blue). At a particular thickness of the
dielectric layer, opposing energy flows in the dielectric
layer (with positive permittivity) and in the metal layers
(with negative permittivity) are balanced exactly. At the
SL point, the overall energy flow effectively cancels,
forming a closed-loop vortex as shown in Fig. 6(a). In
the presence of gain, this SL feedback mechanism can
lead to coherent amplification of the trapped photons
via stimulated emission. By choosing transparent con-
ductive oxide as the top metal layer, light can be ex-
tracted from the top of the cavity.

In order to form an SL point, the dispersion relation
needs to be engineered such that the group velocity is
zero at a particular k-point, where k denotes the wave
vector. Panel (i) of Fig. 6(b) shows an SL point at k = 0.
However, having only one SL point is not sufficient in
the laser design. By having two SL points, a broader
range of k-modes falls within the spectral window of
gain such that the mode becomes more localized, as
shown in panel (ii) of Fig. 6(b). Further, to enable sub-
wavelength localization of the lasing mode, it is most de-
sirable for the two spotlight points to align in frequency,
as shown in panel (iii) of Fig. 6(b). In this manner,



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Smalley et al.: Amplification and Lasing of Plasmonic Modes

n
o

200+

TM,-mode

& (©)

Frequency «¥2r (THz)

vgl (c)

Amplifying

0o 5 10 . 15 0 25 5 75 10
Wavevector k, (um™") Wavevector k, (um™")

(@) (b) (d) (e)

Fig. 6. (a) subwavelength localized vortex lasing in a stopped-light (SL) design, based on a gain-enhanced plasmonic heterostructure.
The SL feature of the design allows for the trapping of photons in a closed vortex visualized by paired semicircular yellow arrows.
Exploiting leaky modes, emission into free space takes place perpendicular to the surface. (b) By engineering the band structure of
the metal-dielectric waveguide, SL points can be made to fall within the gain spectrum, resulting in a flat dispersion with an average
slope of (w; — w1)/ (k2 — k1). (c) and (d) Geometry and dispersion of the planar SL structure in the passive case: (c) The metal-dielectric
structure with gain section thickness h — 290 nm and top metal layer thickness t — 500 nm is designed to support a weakly leaky TM2
mode at a wavelength of 1547 nm. (d) The (complex frequency) dispersion of the TM2 mode exhibits two SL points (marked with solid
circles) within the light cone (dashed line) that are lined up with the gain spectrum centered around 193 THz. (e) Small-signal gain
analysis of the planar SL structure. When gain is introduced into the core the modal dispersion, group velocity and modal loss (top to
bottom) will change depending on the gain coefficient ranging from cm™ (no inversion) to 4180 cm., (maximum inversion). The
analysis highlights the robustness of the SL points, leading to a flat dispersion of average velocity ~ 3 x 10~* c that is practically not

affected by the level of inversion. The dashed line in the top panel represents the light line. (Adapted from [101].)

monotonous behavior of dispersion is enforced between
the two SL points.

The specific design for operation at near-infrared
(telecommunication) wavelengths consists of a top
500-nm ITO layer that simultaneously functions as a
metal and window for allowing light extraction. Depend-
ing on whether it is a passive waveguide design or an
active laser design, the center dielectric can be either sil-
icon (for waveguide design) or a combination of silicon
and InGaAsP (for laser design) with a height of 290 nm,
and the bottom layer is a thick ITO substrate. Silicon is
used in the laser design to minimize absorption of light
to the unpumped InGaAsP. Note that, in the laser
design, although the dielectric region is divided into
InGaAsP and passive Si sections, no cavity is constructed
in the conventional sense because InGaAsP and Si both
have refractive index of ~3.4 around 1.55 um. For now,
it suffices to restrict to the passive dispersion relation
analysis by taking the entire center dielectric “gain” re-
gion to be either lossless InGaAsP or Si, shown schemati-
cally in Fig. 6(c). Last, a 10-nm Si buffer is added atop
the metal. The buffer layer is used to reduce gain
quenching in close vicinity to the metal.

The choice of structure and materials gives rise to a
(weakly) leaky TM2 mode in the dispersion diagram of
Fig. 6(d), which, by design, features two SL points that
lie close in frequency: w;/2m =193.8 THz (A =
1546.9 nm) and k) = 0 and w, /27 =193.78 THz (\; =
1547.06 nm) and k, = 1.42 yum™. With both SL points

situated inside the light cone, the mode is therein weakly
leaky. Generated photons are expected to couple to free-
space radiation perpendicular to the plane, as schemati-
cally illustrated in Fig. 6(a). The cavity Q factor and the
collectable amount of emission can then be controlled by
adjusting the thickness of the top metal cladding. With
the top ITO thickness being 290 nm, around 3%-4% of
generated light can be collected.

The threshold condition can be evaluated with the
help of small-signal gain analysis. Fig. 6(d) plots the ana-
lytical solutions. As the two SL points retain their posi-
tions and effectively pin down the dispersion between
them, no significant change of the modal dispersion is
observed with increasing inversion [Fig. 6(e), top].
Thanks to the flatness of the dispersion band, an average
group velocity of &~ 3 x 107* c is obtained for all inver-
sion levels [Fig. 6(e), center]. In contrast, the modal loss
displays a strong dependence on the inversion and
changes sign at ANy, ~ 0.13 [Fig. 6(e), bottom]. At this
point, the mode becomes amplified and, owing to the
flatness of the band, experiences uniform gain over a
broad range of k-values [up to k & 5 um ' where the dis-
persion w(k) moves out of the spectral window of gain].
As the calculated loss rate includes both dissipative and
radiative (leakage through the top ITO layer) contribu-
tions, ANy, can be associated with the threshold inver-
sion required for lasing.

In theory, the absence of a cavity enables simpler fab-
rication compared to other plasmonic laser architectures.
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Additionally, use of the slow-light effect suggests that
the threshold gain may be reduced relative to other
plasmonic sources. Experimental demonstrating of the
cavity-free plasmonic laser remains an open problem.

IV. PERSPECTIVE ON THE PROMISE
AND CHALLENGE

Looking back at Ozbay’s requirements for fulfilling the
promise of plasmonics, it is clear that much progress has
been made. Sources of radiation based on plasmonic
modes continue to improve in performance, as new ma-
terial systems allow for more of the electromagnetic
spectrum to be accessed by plasmonic effects. RT, con-
tinuous wave (CW) lasing of photonic modes in metallic
cavities with electrical injection of carriers has been
demonstrated.

However RT, CW lasing of plasmonic modes under
electrical pumping remains a challenge. The larger
threshold gains associated with plasmonic modes ne-
cessitates pristine sample qualities, with extremely
smooth material interfaces and minimal grain bound-
aries. Interfacing electrical contacts with plasmonic
cavities is challenging due to the small surface area of
the cavities. Most devices demonstrated to date are
proof of concept, requiring delicate fabrication tech-
niques not amenable to mass production. Indeed many
demonstrated devices are designed without electrical
pumping in mind. For example, the unity-3 coaxial na-
nolaser previously described [90] contains an air plug
to improve the quality factor. This feature would likely
need to be replaced with doped semiconductor layers
to enable carrier transport and recombination in the
active region.

Nanoplasmonic waveguides operating with losses
comparable to purely dielectric guides also still face hur-
dles. As shown by Kinsey et al. [19], using either noble
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