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Abstract—The interaction between surface plasmons and optical emitters is fundamentally important for engineering applications, especially surface plasmon amplification and controlled
spontaneous emission. We investigate these phenomena in an active
planar metal-film system comprising InGaN/GaN quantum wells
and a silver film. First, we present a detailed study of the propagation and amplification of surface plasmon polaritons (SPPs) at
visible frequencies. In doing so, we propose a multiple quantum
well structure and present quantum well gain coefficient calculations accounting for SPP polarization, line broadening due to exciton damping, and particularly, the effects of finite temperature.
Second, we show that the emission of an optical emitter into various
channels (surface plasmons, lossy surface waves, and free radiation) can be precisely controlled by strategically positioning the
emitters. Together, these could provide a range of photonic devices
(for example, surface plasmon amplifiers, nanolasers, nanoemitters, plasmonic cavities) and a foundation for the study of cavity
quantum electrodynamics associated with surface plasmons.
Index Terms—Amplification, multiple quantum wells (MQWs),
Purcell factor, spontaneous emission, surface plasmons.

I. INTRODUCTION
URFACE plasmon polaritons (SPPs) are surface-bound
electromagnetic waves, coupled to electron density oscillations, guided along metal–dielectric interfaces [1]–[3]. The
unique features of surface plasmons, namely enhanced and
spatially confined fields, combined with advances in fabrication technologies has led to renewed interest in exploring plasmonics for various applications [4] ranging from nanolithography [5], microscopy [6]–[9], solar cells [10], and metamaterials
[11]–[13] to bio-sensing [14] and plasmonic circuits [15]–[18].
However, the field enhancements and propagation distances associated with SPPs are limited due to intrinsic losses in metals [19]. The study of the interaction of surface plasmons with
active media, commonly referred to as active plasmonics, offers possible solutions; the expansion of surface-plasmon-based
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applications [20]–[23] as well as the study of the emission characteristics of optical emitters in plasmonic systems [24]–[26]
have been recurrent themes in recent literature.
In our first study of active plasmonics, we discuss surface plasmon amplification. Several schemes utilizing various metal geometries and active media have been proposed to achieve surface
plasmon amplification. Gain-assisted SPP propagation has been
studied in planar metallic films, strips, and gratings [27]–[30].
The effects of gain media on localized surface plasmons are also
discussed with respect to random composite materials comprising metal particles and two-level emitters [31]–[33]. In addition to these theoretical works, some recent experiments have
demonstrated SPP lasing at 10 µm wavelength [34], and the
partial compensation of loss in localized surface plasmons [35]
and SPPs at visible wavelengths [36]. However, experimental
work on surface plasmon amplification at visible and infrared
frequencies has not yielded the desired results in terms of the
magnitude of amplification. Conquering surface plasmon losses
imposes stringent requirements on the gain media. Colloidal
quantum dots seem to be the most promising choice as they yield
high-gain coefficients and are frequency tunable due to quantum
confinement. However, the high nonradiative rates associated
with colloidal quantum dots prove to be a hindrance; the stimulated emission rate should dominate in order to observe surface
plasmon amplification [37], which is a work in progress [38].
In contrast, multiple quantum well (MQW) structures are wellestablished gain media for lasing applications [39], [40]. Here,
we analyze a silver–InGaN/GaN system accounting for the various characteristics of SPPs and the gain media relevant to amplification: refractive index and polarization of SPP as well as
line broadening due to exciton damping and Fermi population
inversion factor. Here, the focus is on the temperature dependence of MQW gain; high temperatures lead to a reduction in
material gain coefficients and are hence detrimental to surface
plasmon amplification. Such types of analyses could prove to
be extremely useful for designing SPP amplifiers and lasers.
Our second study examines the modification of emission characteristics of an optical emitter when placed in proximity to a
metal film, which follows the legacy of numerous theoretical
and experimental studies [41]–[45]. Although the spontaneous
emission coupling to different SPP modes in various metal–
dielectric geometries has been well studied, the relative coupling strengths to the SPP modes have remained elusive. Here,
we present a systematic evaluation of the various emission channels from the spontaneous emission of an emitter, a radiating
dipole, close to a metal film for GaN/InGaN semiconductor
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structure. In addition, we show that tremendous control over
relative amounts of emission can be achieved by varying the
metal film thickness as well as the distance between the emitter
and the metal film. Therefore, the results presented here could
be crucial in the design of nanoscale light emission devices.
Our paper is organized as follows. First, we briefly present
the permittivity renormalization method and adapt it to visible
frequencies. This technique is used to derive explicit solutions
of SPP dispersion, propagation length, and the gain requirements to overcome the intrinsic SPP loss. Second, we propose a
GaN/InGaN MQW structure for SPP amplification; we present
the efficacy of the MQW structure for SPP amplification at
low temperatures and room temperature. Finally, we analyze
exciton–SPP coupling in a GaN/InGaN–silver film system to
achieve spontaneous emission control.
II. PERMITTIVITY RENORMALIZATION TECHNIQUE
In this section, we review the permittivity renormalization
technique [27], which provides an effective method to study
SPP characteristics analytically. SPPs are TM-polarized surface electromagnetic waves propagating along metal–dielectric
interfaces and are direct solutions of Maxwell’s equations. A
metal film of finite thickness d in a symmetric dielectric environment supports two SPP modes, which are labeled according to the symmetry of the surface charge (tangential
electric field) distribution, as shown in Fig. 1(a). The dispersion relation of these SPP modes ks,a (ω) is implicit in
nature. To provide explicit scaling laws, we use first-order
approximations and introduce the concept of a quasi-metal.
The quasi-metal permittivity ε̄s,a
m (ω, d) reduces both symmetric and asymmetric SPP modes to an equivalent SPP mode
at an interface separating semi-infinite metal and dielectric,
2
s,a
= k02 εd ε̄s,a
such that ks,a
m /(ε̄m + εd ), where k0 = ω/c is the
wave vector in free space. The dielectric host permittivity
εd = n2 (1 + i∆) is a complex function where ∆ > 0 corresponds to an active medium and ∆ < 0 to a dissipative medium.
Introducing a new representation for the metal permittivity is
indispensable in order to obtain versatile analytical expressions. The bulk metal permittivity is described by the Drude
model εm = n2b − ωp2 /(ω 2 − iωωτ ), where nb is the contribution due to bound electrons, ωp is the plasma frequency,
and ωτ is the relaxation rate. In the case ω < ωp , we write
εm = εm + iεm = (−1 + iκ)/ε, where ε = 1/|εm |  1 and
κ = εm /|εm |  1. The SPP wave vector kSP and propagation
length lSP are given by
kSP = nSP k0

−1
lSP = kSP

1 − n2 ε̄
∆ + n2 κ̄ε̄

(1)

√
where nSP = n/ 1 − n2 ε̄ > n is the SPP index of refraction,
and the mode-dependent quasi-metal permittivity ε̄m = (−1 +
iκ̄)/ε̄ is a function of the incident frequency and slab thickness
ε̄s,a (ω, d) = ε
κ̄s,a (ω, d) =

1 + n2 ε
rs,a + n2 ε

θs = rs

κε 1 + ϕs,a + 2n2 θs,a ε
.
ε̄s,a
rs,a + 2n2 ε

θa = 1
(2)

Fig. 1. (a) Charge distribution for a symmetric SPP mode in a thin metal film
of thickness d and permittivity εm embedded in a dielectric host of permittivity
εd . (b) ω–k S P and (c) ω–lS P plots for a silver–GaN system are calculated for the
metal film with thickness d = 30 nm. In these calculations, we use silver with
experimentally fitted parameters [63]: ω p = 9.1 eV, ω τ = 0.021 eV, n b =
2.24, and λd = λ/n is the wavelength in the host media (GaN), εd = 6, and
the SPP wave vector k S P is normalized to the plasma wave vector.

The modal functions rs = 1/ra = tanh2 ((1/2)dΛ) and ϕs =
sech((1/2)dΛ) are frequency−ϕa = (1/2)dΛ csch((1/2)dΛ)
√
dependent, since Λ = kp 1 + n2 ε (kp = ωp /c) is the plasma
wave vector. Note that the bulk metal properties are recovered in
the thick film limit. In order to calculate the critical modal gain
required to compensate intrinsic losses in the metal, we use (1) to
seek a solution for ∆ such that the propagation length diverges,
= −n2 ε̄s,a κ̄s,a . At low frequencies (ε  1), critical
∆ = ∆s,a
c

AMBATI et al.: ACTIVE PLASMONICS: SURFACE PLASMON INTERACTION WITH OPTICAL EMITTERS

Fig. 2. Critical modal gain vs. metal film thickness d at λ = 480 nm, h̄ω =
2.59 eV. The exact solutions (solid lines), obtained numerically, for modal
gain requirements are compared to the explicit analytical result (3) (dashed
lines). The critical gain requirement has an asymptotic behavior with decreasing
film thickness for the symmetric SPP (gray lines). The exact solution did not
converge for very thin films. Since h̄ω = 2.59 eV is close to the SPP resonance,
the critical modal gain for the symmetric SPP is very high. In contrast, the
gain requirement sharply decreases with decreased metal film thickness for the
asymmetric SPP mode (black lines).

gain reduces to
∆s,a
= ∆0
c

1 + ϕs,a + 2n2 θs,a ω 2 /ωp2
rs,a + 2n2 ω 2 /ωp2

(3)

where ∆0 = −n2 εκ ≈ −n2 ωωτ /ωp2 is the critical value for a
single metal–dielectric interface.
The dispersion of the SPP wave vector and SPP propagation length for the silver–GaN system are shown in Fig. 1(b)
and (c). Both the symmetric and asymmetric modes are displayed; the SPP branches asymptotically approach the SPP “resonance” at h̄ωSP = 2.74 eV. The propagation lengths [Fig. 1(c)]
are limited near the SPP resonance and increase with decreasing frequency. In principle, a stronger decay of the longrange asymmetric SPP occurs due to alloy scattering events
and carrier–carrier interactions in GaN. For simplicity, we neglect this effect in propagation length calculations; however,
it is included in the gain calculations discussed in Section III.
s,a
= −nk0 ∆s,a
required
Fig. 2 displays the critical gain αSPc
c
at λ = 480 nm (h̄ω = 2.59 eV) to achieve an infinite SPP
propagation length for a wide range of metal thickness. In
thick films, the SPP modes are degenerate and a modal gain
0
= −nk0 ∆0 = 3540 cm−1 is sufficient to provide amplifiαSPc
cation. This high modal gain is required because the wavelength
that we have chosen is close to the SPP resonance. For thin films,
the symmetric SPP requires a higher modal gain than that for the
asymmetric mode, which is expected as the symmetric SPP’s
energy concentration in the metal film is higher. In contrast to the
symmetric mode, the critical modal gain decreases with decreasing film thickness for the asymmetric mode. Fig. 2 also displays
the exact critical modal gain required, which agrees well with the
approximate solutions generated using the permittivity renormalization technique. These explicit solutions provide important
new insights since they highlight the different scaling laws; for
example, in the case of thin films, it predicts that the critical gain
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Fig. 3. InGaN/GaN: metal geometry for the study of SPP amplification. Silver
metal film of finite thickness is surrounded by the QW heterostructures. The
heterostructure consists of GaN, InGaN barrier layer (x = 0.02) of thickness
7 nm, and InGaN QW (y = 0.2) of thickness w = 5 nm. Schematic of SPP
energy flux decaying exponentially away from the metal surface is shown in
addition to TE and TM polarizations for the QW structure.

for the asymmetric SPP mode diminishes quadratically with decreasing film thickness, limd→0 nk0 |∆ac | = k0 n5 κε2 kp2 d2 . As
the critical modal gain depends linearly on the metal loss, additional losses, due to surface roughness of thin metal films and
electron-boundary scatterings, can be accounted through modification of the imaginary part of the metal permittivity κs,a .
SPP-based transmission lines under asymmetric mode excitation look most promising for amplification as the critical modal
gain requirements are less stringent.
III. MQW SYSTEM FOR SURFACE PLASMON AMPLIFICATION
The review in the previous section identifies that SPP amplification, characterized by an infinite propagation length, could
be achieved with a gain medium surrounding the metal film. We
now consider an InGaN/GaN MQW structure with geometry
typical of current devices on either sides of the metal film, as
shown in Fig. 3. We report the effectiveness of this MQW structure for SPP amplification at T = 0 K and at low and ambient
temperatures. We begin by evaluating the linear material gain
αm using time-dependent perturbation theory [46] accounting
for carrier lifetime broadening γ due to alloy scattering, SPP
index nSP , polarization, and additional line broadening due to
finite temperatures and band occupation
 ∞
(γ/π)[fc (E) − fv (E)]
αm (h̄ω) = CSP
ρ2D
dE.
r M
[Ehe (0) + E − h̄ω]2 + γ 2
0
(4)
Here, CSP = e2 π/cωε0 nSP m20 , with c being the speed of light
in vacuum, ε0 the permittivity of free space, m0 the mass of
is the reduced 2-D density
an electron and e its charge, ρ2D
r
of states, M = |ĝSP · pcv |2 is the transition matrix element,
ĝSP = ASP /|ASP | is a unit vector corresponding to the SPP
vector potential accounting for the presence of SPP electromagnetic field, pcv is the momentum vector, Eeh (0) is the energy
corresponding to the transition from the bottom of first conduction subband to the top of first valence subband, and fc and fv
are the Fermi–Dirac distributions for the electrons in the valence
and conduction bands, respectively.
The Fermi–Dirac population inversion factor fc − fv > 0
introduces an additional line broadening due to the finite
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temperature and band occupation. It is important to note that
(4) differs from the gain in conventional laser systems in two
ways: first, the material gain αm is reduced by a factor n/nSP
as compared to unbound plane wave propagation in the MQW,
and second, a decrease in peak gain is expected due to the SPP
polarization, which, at low frequencies, is predominantly TM
with respect to the quantum well (QW). SPP modes close to
the light line are better served with tensile strained MQW structures for amplification studies, in which the transitions from first
conduction subband to the first light-hole subband contribute to
the gain. However, SPP modes have a strong longitudinal component (TE with respect to QW) at resonance. Compressively
strained or unstrained QWs provide the optimum gain to these
SPP modes by virtue of transitions from the first conduction
subband to the first heavy-hole subband.
For compressively strained InGaN/GaN MQWs with small
well sizes, only the e1–hh1 transition contributes to gain. The
matrix element accounting for SPP propagation, which has
electric fields along and perpendicular to the direction of SPP
s,a 2
propagation, is reduced by polarization
 factor µs,a = (Λd ) /

s,a
2
2
2
2
+ (Λs,a
[ks,a
d ) ], where Λd = Re ks,a − εd k0 . Under operation far below saturation, we introduce the SPP modal gain
αSP = −nk0 ∆ = αm Φ − αabs (1 − Φ), where αabs corresponds to absorption in the barrier layer.
electromagnetic
 z +w
 The
|Sx (ω, z)|dz/
confinement factor is given as Φ = i z ii
∞
0 |Sx (ω, z)|dz, where Sx is the time-averaged x-component
of the SPP power flux, zi is the position of the ith QW in relation
to the metal slab, and w is its thickness.
The sconfinement
factor
s,a
,a
reduces to Φs,a = (1 − e2w Λ d )/(1 − e2bΛ d ) for a periodic
arrangement of the QWs with period b. It is vital to note that
the dense packing of the MQW system close to the metal film
favors higher modal gain. However, when decreasing the spacing between individual QWs and their overall distance from the
metal film, a considerable decrease in performance could be expected due to enhanced spontaneous emission into lossy surface
waves (LSWs) and reduced carrier confinement, respectively.
The enhanced spontaneous emission into the various emission
channels for this geometry is discussed in detail in Section IV.
For the study of SPP amplification associated with silver and
InGaN/GaN heterostructures, it is better to work away from the
SPP resonance, for example, in green spectral region. However,
this spectral region requires indium-rich InGaN QWs. Though
light emission devices have been developed with high indium
composition ratios (>0.2), fluctuations in indium concentration can occur in these QWs; even a slight InGaN segregation
may provide a hindrance to the mechanism of optical gain in nitrides and therefore laser diodes [47]–[49]. Here, we consider an
InGaN QW structure, which has been used for a laser diode [50],
and we modify the QW thickness such that the gain peak is close
to 480 nm wavelength. For simplicity, we neglect the effect of
temperature on the bandgaps of nitrides and the strain changes.
The SPP modal gain for InGaN/GaN MQW is calculated
for both SPP modes at low (T = 0 K, T = 77 K) and ambient
temperatures (T = 300 K) [Fig. 4(a) and (b)]. In these calculations, we set the characteristic parameters of the MQW as
w = 5 nm and b = 12 nm, which define the transition frequency

Fig. 4. SPP modal gains are calculated separately for both (a) symmetric and
(b) asymmetric SPP modes as a function of h̄ω with a fixed carrier density,
n = 1 × 10 1 9 cm−3 . In each of these plots, the temperature dependence is
plotted for T = 0 K, liquid nitrogen temperature (77 K), and room temperature
(300 K). It is clear that Fermi–Dirac factor at finite temperature reduces the peak
gain and gain bandwidth with increasing temperatures. Considering a silver
film of thickness d = 30 nm, SPP refractive index n S P and modal factors Φ as
well as polarization factors µ are accounted in these calculations: n sS P = 7.0,
n aS P = 3.45, Φ s = 0.19, Φ a = 0.3, µ s = 0.47, and µ a = 0.33.

as h̄ωe1–hh1 = 2.56 eV and the exciton damping γ ≈ 7.3 meV
[51]– [54]. At low temperature, the injection current density required to maintain sheet carrier density n2D = 5 × 1012 cm−2
is J ≈ 10 kA/cm2 . At this injection rate, the peak modal gain
a
−1
s
−1
and αSP,m
are obtained
αSP,m
ax = 2386 cm
ax = 1066 cm
for T = 0 K. The polarization-dependent QW gain coefficients
µa < µs combined with the electromagnetic confinement factors Φa > Φs and SPP refractive index naSP < nsSP result in
different peak modal gains for the symmetric and the asymmetric SPP (Fig. 4). In comparison to the critical SPP modal gain
(Fig. 2), the calculated gain coefficients [Fig. 4(a)] clearly show
that it is not possible, in principle, to overcome the losses associated with the symmetric SPPs. On the other hand, the modal
gains obtained from the MQW structure are enough to compensate asymmetric SPP losses in thin films. The amplification
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to maintain the same carrier concentration when the set of addition emission channels are incorporated into the model. This
multiemission channel, enhanced exciton relaxation, near the
metal is discussed in the next section.
IV. CONTROLLED SPONTANEOUS EMISSION

Fig. 5. ω–lS P plot for the asymmetric SPP mode of the silver film d = 30 nm
surrounded by MQW structure. The injection of carriers at different temperatures
result in either complete compensation (T = 0 K and T = 60 K) or partial
compensation (T = 77 K and higher) of SPP losses. The temperature T = 60 K
is included to obtain the essence of the transition of temperature dependence
on SPP amplification. The frequency amplification band decreases ∆ω a with
the increase in temperature: ∆ω a = 0.1 eV at T = 0 K, ∆ω a = 0.016 eV at
T = 60 K, and ∆ω a = 0 at higher temperatures.

effects can be studied when SPPs interact with MQWs under
population inversion, obtained by the injection of carriers. Further, this effect is observed only in narrow frequency bands
around the transition frequency of the QW. The frequency amplification band ∆ωs,a over which the SPP attenuation is compensated depends on the intrinsic metal loss, SPP mode symmetry, carrier injection rate, and temperature. In addition, the SPP
amplification bands reduce with increasing temperature because
of decreased magnitude of SPP modal gains, which, in turn, is
due to lower Fermi–Dirac factors for a given carrier injection.
The temperature effect on SPP amplification is clearly shown in
Fig. 5. An apparent way to reduce the asymmetric SPP losses and
obtain wider amplification bands is to reduce the metal thickness. In such thin films, the asymmetric SPP mode is very sensitive to refractive index mismatches on either sides of the film,
giving rise to another radiative loss mechanism to compensate.
The study so far has focused on the compensation of SPP
losses using QW gain. We have shown that an InGaN/GaN
MQW system can compensate the losses of the asymmetric
SPP of a silver film; however, the effect of competition for
emission with its symmetric counterpart is currently unclear.
The symmetric and asymmetric SPPs’ energy flows in sheets
of thickness ts,a = 1/2Λs,a
d , which overlap. The probability of
emission into the asymmetric SPP, spontaneous emission factor, depends not only on the QW position relative to the silver
film surface but also on the relative coupling strengths of the
two SPPs. In fact, the population inversion can be depleted
by enhanced spontaneous emission into any of the two SPPs,
free-space (or radiation) modes, and a variety of nonradiative
channels [55]. While the gain requirement for achieving loss
compensation remains fixed, the asymmetric SPP’s spontaneous
emission factor determines the carrier injection rate necessary

The modification of the spontaneous emission of an emitter located near a metallic film is due to the change in local
density of states associated with surface plasmons. The Purcell
factor Fp ∝ Q/Vm quantifies the modification of an emitter’s
emission rate relative to its free-space rate [56]. Although an
enhancement is achievable by high Q cavity and the reduction
of mode volume Vm , the focus here is on the latter, which is
afforded by SPP field confinement. Even without a resonant
cavity, SPPs have confined field distributions that provide high
Purcell factors, which can lead to preferential coupling to specific emission channels [57]. When multiple SPPs compete for
spontaneous emission, our study shows that the more confined
modes are preferential. Furthermore, by localizing emitters at
different distances from a metallic film, the relative amounts of
emission into the SPPs can be controlled.
In this section, we evaluate the various emission channels
from the spontaneous emission of an optical emitter close to a
metal slab. An emitter in an excited state close to a metal slab
spontaneously decays to the ground state by coupling to one of
two SPPs, bulk radiation, or to LSWs. We examine this process for the InGaN/GaN semiconductor material system, at the
emission wavelength λ = 480 nm. The emitter is modeled by
a dipole situated at x = y = 0, z = D next to a silver slab of
thickness d and permittivity εm , embedded in a host dielectric
of permittivity εd = 6, as shown in Fig. 6(a). The orientation
of the dipole will be expressed in terms of the three orthogonal
directions x, y, and z, where the first two are referred to as
parallel dipoles () and the other as the perpendicular dipole
(⊥). The dipole experiences self-forcing reflections rν (u) as a
result of coupling to TE (ν = s) or TM (ν = p) propagating and
evanescent fields. The in-plane wave vector parameter u is normalized to the wavenumber and refractive index of the dielectric
√
medium such that kr = εd uk0 , kz2d = −Λ2d = εd (1 − u2 )k02 ,
and kz2m = −Λ2z m (εm − u2 εd )k02 .
The radiative, ΓR µ , and nonradiative, ΓNRµ , emission rates
for a µ = {⊥, } oriented dipole relative to the free-space rate
γ0 are [58], [59]


 1
3
kr
ΓR µ (D, d)
= q 1 + Im
Iµ (u, D, d)
du
γ0
2
kz d
0


 ∞
ΓNRµ (D, d)
3
kr
= 1 − q 1 + Im
Iµ (u, D, d)
du (5)
γ0
2
kz d
1
and γµ (D, d) = ΓR µ (D, d) + ΓNRµ (D, d) is the total modified
emission rate. Here, q is the light–matter conversion quantum
efficiency and the integrands Iµ (u) are
I⊥ (u, D, d) = rp (u, d)u2 exp(−2Λd D)
I (u, D, d) =

1
(rs (u, d)u2 + rp (u, d)(1 − u2 )) exp(−2Λd D)
2
(6)
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by their resonant behavior from the reflection poles; and the
remaining nonradiative proportion is identified as LSWs [55].
The radiative portion corresponds directly to the integral in (5)
over the propagation band (u = [0, 1]). The remaining integral
(u = [1, ∞]) providing the nonradiative components can be deconvolved further by evaluating the integral contributions in the
vicinity of the SPP reflection poles. It follows that the emission
rate for LSWs ΓLSW µ = ΓNRµ − ΓaSPPµ − ΓsSPPµ , where


Γs,a
3
kr
SPP µ
= 1 − q 1 + Im
Iµ (u, d) du .
(8)
γ0
2
Λd
Cs ,a

Fig. 6. (a) Schematic of dipole emitter at a distance D from a planar metal
slab of thickness d. (b) Evaluation of the integrand in (5) for D = 10 nm,
d = 30 nm, and λ = 480 nm. This highlights contributions to the emission rate
from bulk radiation, asymmetric/symmetric SPPs, and LSWs. (c) Spontaneous
emission probabilities into the various emission channels as a function of D for
d = 30 nm.

and rν (u) are the Fresnel reflection coefficients for the
dielectric–metal–dielectric system
rν (u, d) =

rdm (ν ) (u)(exp(2Λm d) − 1)
2
1 − rdm
(ν ) (u) exp(2Λm d)

(7)

where rdm ( ν ) (u) are the Fresnel reflection coefficients for the
ν polarization at the GaN–silver interface. The lifetimes for
emission into the coupled SPP modes requires the evaluation
of two further integrals; these will be expressed as complex
contour integrals around the poles of the integrand ui (i =
{s, a}) due to the symmetric and asymmetric SPP modes, respectively. The positions of the poles are identified through
the p-polarization reflection coefficient rp (u) → ∞ such that
2
rdm
(ν ) = exp(−2Λm d). The complex locations of the reflection poles are calculated using an integral approach [60], [61].
Fig. 6(b) shows the angular emission distribution at λ =
480 nm for a dipole embedded in GaN, εd = 6, situated at
D = 10 nm from a flat silver slab of thickness d = 30 nm. Four
emission channels are identified: radiation modes exist below
the light line in GaN; two coupled SPP modes are identified

The current study examines the emission rates for random
dipole orientations corresponding to two-thirds  dipoles and
one-third ⊥ dipoles. However, the dipole orientation can have
a significant impact on surface plasmon coupling efficiency;
for instance, perpendicular dipoles suited to QWs under tensile strain couple most strongly to the near field and have a
greater range of influence with respect to D. The averaged emiss,a
sion rates pertaining to radiation (ΓR ), SPPs (ΓSPP ), and LSWs
(ΓLSW ) are evaluated numerically where the total emission rate
γ is the sum over all of the partial rates. The partial rates are
a direct measure of the dipole–optical coupling strength of a
particular emission channel. For example, the ratio of the asymmetric SPP rate and the total rate gives the emission probability
into that mode. Following this prescription, the probabilities of
emission into the four channels are calculated and shown in
Fig. 6(c) as a function of the dipole position D for the same
parameters as in the calculation of Fig. 6(b). Apparently, none
of the potentially useful modes can compete with LSWs; emitters positioned within 5 nm of a metallic surface are completely
quenched. Since the emission rate into a mode is inversely proportional to its modal volume, the majority of the emission
couples to symmetric SPP mode under optimum conditions.
The highly confined field distribution and LSW quenching defines the probability response that peaks nearer to the metal’s
surface than the asymmetric SPP mode. Most of the asymmetric
SPP mode’s field exists outside the metal leading to a reduced
spontaneous emission rate with respect to its counterpart close
to the metal surface. However, the asymmetric mode has limited influence away from the surface near the first antinode of
the radiation modes. Bulk radiation becomes dominant only beyond the influence of near-field effects associated with SPPs
and LSWs, and when the first √
antinode of the radiation field
distribution is reached near λ/4 εd ≈ 50 nm.
To further illustrate the competition between the SPP modes,
the emission probabilities of symmetric and asymmetric SPPs
are shown in Fig. 7(a) as a function of both the slab thickness
d and emitter position D. The optimal emitter positions Ds (d)
s
and Da (d), and peak emission probabilities ΓSPP (Ds (d))/γ
a
and ΓSPP (Da (d))/γ are shown as projections on the base and
left faces of the 3-D graph, respectively. The metal slab thickness controls the coupling between the underlying SPPs of the
two metal–dielectric interfaces, and consequently, the relative
degrees of confinement of the asymmetric and symmetric coupled SPPs. For thick films, the emission probabilities converge
to the case for a single interface. Here, the asymmetric and
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sion modes; although high spontaneous emission rates are available for SPP modes with small modal volumes, these modes are
also naturally associated with high intrinsic propagation losses.
However, the optimal coupling of the asymmetric SPP mode to
a suitably strained QW may lead to low-threshold SPP lasers;
here, the low threshold is in terms of carrier density but not
necessarily the injection rates. This effect of low-threshold carrier concentration to realize the same gain coefficients for SPP
amplification will be addressed elsewhere.
V. CONCLUSION

Fig. 7. (a) Transparent slices in this 3-D graph show the emission probabilities
for symmetric (light gray) and asymmetric (dark gray) SPPs. The maximum
probability for each SPP is projected onto the left-hand axis, while the positions
of these peak values are projected onto the base. (b) Two cases where the
emitters are positioned for either optimal coupling to symmetric (solid lines) or
asymmetric (broken lines) SPPs.

symmetric modes become degenerate and the overall coupling
to the single-surface SPP mode approaches about 84%. In the
case of thin films, the coupled mode dispersion is strongest and
the symmetric SPP takes almost ∼100% of the emission. In addition, the peak response of the symmetric mode shifts to smaller
dipole positions (D) due to a combination of both reduced LSW
emission rate and increased symmetric SPP emission rate.
The apparent spatial splitting of the optimum emitter position
[Ds (d) and Da (d)] for the two SPP emission channels suggests
that specific emitter localization can lead to effective mode discrimination. For instance, in the design of a nanoemitter device,
it would be relevant to consider optimal coupling to one of the
SPP emission channels. Fig. 7(b) shows the SPP emission probabilities for these two choices: heavy lines correspond to emitter
localization at the peak of the symmetric SPP at Ds (d) and light
lines to that of the asymmetric SPP at Da (d). It may be noted
that tuning to the symmetric SPP results in almost complete suppression of the asymmetric SPP for small D. On the other hand,
tuning to the asymmetric SPP produces, at most, a 60% coupling with moderate suppression of the symmetric SSP (20%)
for small d. Ultimately, the coupling to the asymmetric SPP is
limited through competition with radiation modes. Though ⊥
dipoles improve the overall coupling to SPPs for all d, there is
no significant change compared to the general trends observed
for averaged dipoles.
When considering geometries for SPP-based nanoscale light
emitters and lasers, it is crucial to characterize all possible emis-

Active plasmonics has been rapidly expanding on both theoretical and experimental fronts. Experimental studies confirming
SPP amplification by stimulated emission [36] and the generation of single SPPs [62] are the first major steps toward realizing quantum engineering associated with surface plasmons.
Our analysis confirmed that a promising way to achieve SPP
lasing at optical frequencies is by utilizing the asymmetric SPP
mode of a thin metal slab at low temperatures with a symmetric
dielectric environment for which MQW heterostructures comprising tensile strained QWs are perfect as the gain material.
Current QW technology is capable of compensating intrinsic
surface plasmon attenuation even near the plasmon resonance.
However, this capability extends only to those SPP modes that
are not excessively confined, such as the asymmetric SPP in the
current study. In addition, the controlled spontaneous emission
allows us to achieve efficient coupling to the desired asymmetric
SPP mode. It is clear that in engineering new active plasmonic
systems, careful consideration of the range of emission channels
is important as spatial localization of the emission provides the
ability to discriminate between unwanted emission modes and
thereby reduce the threshold conditions for SPP lasing.
Another fundamental study in active plasmonics, which is not
addressed in this paper, involves the strong coupling of SPPs
and excitons. This phenomenon is realized when the maximum
coupling strength between the emitter and SPP is larger than
the decay rate of the excited state of the emitter and SPP decay
rate. Such a phenomenon has been observed with an organic
semiconductor, cyanine dye J-aggregate, and silver film where
the collective coupling satisfies the necessary condition [25].
The strong coupling of a single exciton to a single SPP mode
could be striking, and it may further open a route to new studies
and experiments with exciton–surface plasmon interface.
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