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We investigate theoretically surface plasmon-polariton (SPP) amplification in planar metallic structures
taking into account the nonuniformity of the gain medium close to the metal surface due to position-dependent
dipole lifetime and pump irradiance. We propose a model that accounts for these nonuniformities and apply it
to a physically realizable structure consisting of a thin silver film cladded on one side by a lossless dielectric
and on the other by an optically pumped Rhodamine 6G dye solution. We study amplification of the supported
long-range SPP mode and show that net amplification is possible at visible wavelengths using reasonable pump
power and molecular concentration. It is shown that the gain nonuniformity close to the metal surface must be
considered to describe adequately the SPP amplification phenomenon.
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Surface plasmon polaritons (SPPs) are electromagnetic
waves coupled to free electron oscillations that propagate
along the interface between a dielectric and a metal with a
negative real part of permittivity.! Their unique properties
offer promise for numerous applications.? Yet, a fundamental
limitation is their short propagation length resulting from
power dissipation in the metal. Recently, considerable efforts
have been devoted to compensate for the SPP losses in pla-
nar structures by using gain media to achieve mode
amplification.>!% It has been suggested that incorporating
gain in such structures could also lead to the realization of
SPP lasers at visible wavelengths.!"'? Indeed, SPP lasers
have already been demonstrated at midinfrared
wavelengths.!> Improved resolution of near-field lenses
through amplification of SPPs'* and the interaction of gain
media with surface plasmons in metallic nanoparticles''®
have been also investigated.

In this growing research area, understanding the charac-
teristics of the gain medium close to the metal surface is of
major importance. For this, two factors must be carefully
considered. The first factor is the excited state lifetime of
dipolar gain media such as organic dye molecules and rare-
earth ions, or equivalently, the recombination lifetime of
semiconductor gain media such as quantum wells and quan-
tum dots. It is well known that these lifetimes are quenched
by a metallic surface due to additional decay channels
through which the dipole (or electron-hole pair) relaxes.!’!°
This phenomenon certainly affects the gain available close to
the metal. The second factor is the method used to pump the
gain medium. In particular, for optically pumped gain media,
the irradiance®® distribution of the pump signal is generally
not uniform near the metal. As a result of these factors, a
uniform-gain picture is not adequate in the vicinity of a me-
tallic surface.

In treating the amplification of SPP modes, the nonunifor-
mity of the gain close to the metal has generally been ne-
glected (in some cases justified) by assigning a uniform com-
plex permittivity to the gain medium and solving Maxwell’s
equations in the active structure. A simplified approach was
used by Okamoto et al.,'" where the SPP gain is estimated by
assuming a uniform gain medium and using bulk-plane-wave
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amplification arguments. Winter et al.'> further analyzed the
structure proposed by Okamoto et al.,'! pointing out the need
to account for additional decay channels.

In this Rapid Communication, we investigate how SPP
amplification in planar structures is affected by a nonuniform
gain distribution close to the metal surface. We propose a
theoretical model to describe this phenomenon in structures
incorporating dipolar gain media. Our approach consists in
obtaining the gain distribution near the metal surface em-
ploying position-dependent expressions for the dipole life-
time and pump irradiance. The former accounts for all of the
decay channels through which the dipole relaxes and the lat-
ter accounts for the pump-signal interaction with the struc-
ture. The SPP mode amplification is then computed by solv-
ing Maxwell’s equations in the active structure using the
inhomogeneous complex permittivity describing the gain
distribution. This concept can be extended to semiconductor
gain media as well by representing adequately the gain dis-
tribution in the vicinity of the metal surface.

For the analysis we consider the structure shown in Fig. 1.
It consists of a 20-nm-thick silver film extending infinitely
over the (x,z) plane. The bottom cladding consists of 25 um
of CYTOP, a lossless dielectric, which in turn sits on a semi-
infinite silicon substrate; the top surface is covered by
Rhodamine 6G (R6G) dye molecules in a mixture of ethanol
and methanol. A semi-infinite CYTOP superstrate lies on top
of the dye solution, holding it to within a 5-um-thick layer.
Dye molecules are assumed to be excited from the top by a
monochromatic pump signal of wavelength A,=532 nm
[frequency-doubled Nd:YAG (yttrium aluminum garnet)],
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FIG. 1. (Color online) The SPP waveguide structure considered
in this work.
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TABLE 1. Relative permittivities (e,) at A,=532 nm and \,
=560 nm. "57% methanol 43% ethanol is assumed.

Material €(\,) €(\,)
Silver? -10.18-i0.8311 -11.68-i0.8283
Silicon? 17.22-i0.3646 16.42-i0.2936
CYTOP?¢ 1.8053 1.8039
Dye solvent* 23 1.8068 1.8039

which is near the peak absorption of R6G. SPP mode ampli-
fication is analyzed at the peak emission wavelength of the
dye, A,=560 nm. We approximate the parameters of R6G as
those in pure methanol?! since the dye performs similarly in
both solvents.?> We study the case where the real permittivity
of the dye solution is matched to that of CYTOP at \,. This
can be achieved using a solvent mixture of approximately
57% methanol and 43% ethanol.”® Such a symmetric struc-
ture supports nonleaky short-range SPP (SRSPP) and long-
range SPP (LRSPP) modes.>* Table I lists the material rela-
tive permittivities at the two wavelengths of interest. The
proposed structure and pumping arrangement are physically
realizable and could serve directly as a validation vehicle for
the theory proposed herein with the LRSPP coupled in and
out of the structure via end-fire coupling.

The basic electronic dynamics of organic dye molecules
can be approximated by the rate equations of a four-level
system.?” The steady-state solution gives the following small
signal amplification coefficient at A,

I,70,0,— o0,hw
NLZpTe TaTTp (1)

a,=
fiow,+ 1,70,

where N is the total molecular density, 1, is the pump irradi-
ance, 7 is the excited-state lifetime, o, and o, are, respec-
tively, the emission and absorption cross sections at A,, 0, is
the absorption cross section at A, ), is the pump angular
frequency, and # is the reduced Plank constant. This expres-
sion is valid for continuous-wave and pulsed pump signals
provided that the pulse width is considerably longer than 7.
To understand the gain distribution close to the metal we
shall identify adequate expressions for 7and /,,.

Following the treatment by Ford and Weber!” we model
the molecule as classical dipole and examine its excited state
lifetime in the presence of a thin metal film. Far from the
metal, the lifetime is unaffected and is given by the usual
definition, 7,=[1v,,+v,]"'= ¢/ v,, where v, denotes the radia-
tive decay rate, 7,, accounts for all the nonradiative (NR)
decay channels intrinsic to the dipole, and ¢ is the dipole’s
quantum efficiency (¢=0.9 for the present case’!). However,
close to the metal film, 7, is replaced by the sum of four
decay channels that arise from coupling of the dipole to (1)
LRSPP and (2) SRSPP modes, where the dipole emits a SPP
instead a photon; (3) coupling to electron-hole (EH) pairs in
the metal film, where the energy is directly transferred from
the dipole to the metal in a dipole-dipole interaction; and (4)
coupling to the radiation modes of the structure. The decay
rates into these four channels are affected by the dipole’s
position and dipole-moment orientation, while 7y, is as-
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FIG. 2. (Color online) (a) Normalized lifetime computed using
Eq. (3). (b) Decay probabilities into each decay channel.

sumed to be independent of the environment. For the struc-
ture under analysis, we write the position-dependent decay
rate normalized to the decay rate far from the silver film as

4
V0 = Fot 62 10, )

where y is the dipole’s position; d)i/["” denotes the normal-
ized decay rates of the four decay channels for () horizontal
and (v) vertical dipole-moment orientations with respect to
the metal plane; and ¥,,=1-¢ is the normalized nonradia-
tive decay rate.

The rates in Eq. (2) are obtained by numerical integration
of Eq. (3.30) in Ref. 17 using the local model for silver
permittivity and the material permittivities of the structure at
A,. The integral runs over all wave-vector components par-
allel to the silver plane, k. We set its upper limit to k;
=22k (kp being the Fermi wave vector) to account approxi-
mately for electron screening, which becomes important
when the dipole separation from the silver surface is less
than a few nanometers. The limit employed corresponds to
the upper limit of the EH excitation continuum in silver at
)\6.17

Averaging Eq. (2) over the dipole orientations yields the
expression for the lifetime of an isotropically oriented dipole,

-1
)= ro[gaﬁ(y) I i%)] . @)

Figure 2(a) shows the result of Eq. (3) normalized to 7,. Note
that the lifetime is strongly quenched for distances below
~150 nm and it is practically unaffected when the distance
reaches 1 um. The quenching and oscillatory features are
due to the different competing decay channels previously
mentioned. To understand the effect of each decay channel
on the lifetime we show in Fig. 2(b) their decay probabilities.
This probability is defined as the ratio of the particular decay
rate over the total decay rate, both for an isotropic dipole.
Note that coupling to EH pairs and to the SRSPP mode
dominate for distances below 60 nm, causing the strong life-
time quenching within this region. On the other hand, for
distances between 60 and 150 nm, the lifetime quenching is
mainly due to coupling to SRSPP and LRSPP modes. Fi-
nally, coupling to radiation modes (RAD) of the structure
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FIG. 3. (Color online) Normalized pump irradiance distribution
in the vicinity of the silver film. The irradiance in the silver film is
magnified 20 times.

and the NR relaxation dominate above 200 nm being only
weakly affected by the LRSPP decay channel.

Although Eq. (3) denotes the lifetime of a single dipole,
the same expression must hold for a homogeneously distrib-
uted collection of them assuming that the interactions be-
tween dipoles can be neglected. Such interactions have been
observed under large dye concentrations. For R6G in metha-
nol this effect is not significant for concentrations lower than
~5 mM.2!

We now consider in some detail the spatial dependence of
the pump signal. It is taken as a linearly polarized plane
wave that illuminates the structure from the top with propa-
gation direction normal to the metal surface. The electric-
field distribution across the structure is computed rigorously
with a matrix formalism.?® In the calculations we use the
material relative permittivities at A, and take the dye relative
permittivity as €, ,=€, —iNo,(e/ )!?\,/2m, where €, is
the relative permittivity of the dye solvent. Here, we as-
sumed that all the dipoles are in the ground state. This ap-
proximation is well justified for a thin dye layer.

The pump irradiance distribution in each medium is com-
puted as?

_Re()
2| 7?

1,(y) E,0I, (4)
where E,(y) is the pump electric-field distribution and 7 is
the medium’s characteristic impedance. Figure 3 shows 7,,(y)
in the vicinity of the silver film normalized to the irradiance
of the incoming pump signal. The vertical dashed lines out-
line the silver film. The lower-cladding thickness was chosen
to minimize the resonant coupling to the slab mode. In the
dye, the irradiance follows a standing-wave pattern due to
field reflection throughout the structure. It presents ~2.5 fold
maxima, which enhances the population inversion in those
regions. On the other hand, the minima are close to zero,
suggesting that population inversion is not possible in those
regions.

Substituting Eqs. (4) and (3) into Eq. (1) one obtains a
local expression for the gain of the dye, «,(y). Notice that
dipoles in regions where 7,(y) =0 or 7(y)~0 act merely as
absorbers at \, since a,(y) =—No,. The relative permittivity
of the dye at A, is then

! . )\E !
6.0 =€, +i~“a,()e,. (5)
bl 277. 5

where €, , is the relative permittivity of the dye solvent.
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TABLE II. MPG of the LRSPP for the cases under analysis.

Case A B C Passive

MPG[cm™'] 2.9047 26.4756 22.3423 —-105.3036

We proceed to study the amplification of SPP modes. The
mode propagation is taken along the +z axis having a com-
plex phase of the form exp(—ikz), with k=B+ia being the
complex propagation constant. Thus, a positive (negative)
value for « indicates amplification (attenuation) as the mode
propagates in the +z direction. The inhomogeneous gain me-
dium is treated as a multilayer structure by discretizing Eq.
(5) along the y axis. Then, the transfer matrix method
(TMM) (Ref. 30) is used to compute the SPP mode. We
assume a R6G concentration of N=3 mM (~1.8
X 10" cm™) and a pump irradiance of 210 kW/cm?. The
parameters for R6G are taken from Ref. 21 as o,=3
X107 cm?, 0,=4x107'% cm?, ¢,=1x10""7 cm?, and
7p=3.9 ns. The gain medium is segmented in 15 000 layers
of equal thickness and the TMM analysis is carried out at A,
using the corresponding material relative permittivities.

To visualize the impact of nonuniform gain distribution
near the metal we consider three cases. Case (A) computes
the SPP mode in the active structure taking into account both
pump and lifetime position dependence. The other two cases
use only a partial approach. Case (B) accounts for the pump
distribution but assumes a uniform lifetime 7= 7,, while case
(C) assumes a uniform gain distribution, neglecting both
pump and lifetime position dependence.

We shall focus on the nonleaky LRSPP mode supported
by the structure. It has lower propagation loss than the SR-
SPP mode, which makes it attractive for amplification and
lasing applications. The results are summarized in Table II
that lists the mode power gain, MPG=2 Im(k), for each case.
It also includes the value for the passive case, i.e., when no
R6G molecules are present in the solvent. The mode effec-
tive index, n.e=\, Re(k)/2a, was evaluated as n.=1.3613
for all the cases listed in Table II. We note that cases (B) and
(C) give similar results, predicting MPG values around
25 cm™'. However, the MPG value for (A) is approximately
an order of magnitude smaller. In terms of pump require-
ments, we found that case (A) requires an extra
~100 kW/cm? of irradiance to match the gain predicted by
the other two cases.

To understand the difference in these results we consider
Fig. 4. It shows the LRSPP mode and gain distributions for
the three cases (the mode distribution is practically identical
for the three cases). Since mode amplification is a stimulated
emission process, it is necessary for the gain and mode dis-
tributions to overlap efficiently. For cases (B) and (C) the
overlap turns out to be very similar, resulting in similar MPG
values. On the other hand, for case (A), the gain is strongly
suppressed due to the lifetime quenching. In fact, the me-
dium becomes absorptive within the first few nanometers
from the metal surface. This reduces the overlap leading to a
smaller MPG. The large discrepancies observed between
cases (A) and (B) highlight the importance of accounting for
the decay channels of the structure in the analysis of SPP
amplification.
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FIG. 4. (Color online) LRSPP mode and gain distributions for
the cases under analysis.

Although small, the MPG for case (A) is still positive
indicating net amplification. Moreover, larger MPG values
seem to be practically attainable since we have assumed a
modest R6G concentration and the assumed pump irradiance
is well below the output of typical pulsed frequency-doubled
Nd:YAG lasers. This suggests that lasing at visible wave-
lengths should be possible using the LRSPP mode of the
proposed structure, provided that the cavity losses are not too
high. In addition, the use of a finite width structure (i.e., a
silver stripe)®! would relax the lasing requirements since the
mode has a lower propagation loss and the field distribution
overlaps better with the gain medium. On the other hand,
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amplification of the SRSPP mode is quite challenging due to
its large intrinsic propagation loss. For instance, considering
case (A) one finds MPG=-16438 cm™.

We note that our results are more optimistic that those
reported by Winter et al.'? The reason is because their model
limits the gain available to the LRSPP to a fraction equal to
the decay probability into this mode. Thus, following their
approach, one realizes from Fig. 2(b) that the small decay
probability into the LRSPP leads to a small amplification.

In summary, we proposed a theoretical model to describe
the amplification of SPP modes in planar structures using
optically pumped dipolar gain media. It accounts for the non-
uniform gain distribution in close proximity to the metal and
its overlap with the SPP mode. We apply the model to study
the amplification of the LRSPP mode in a physically realiz-
able structure using R6G molecules in solution as the gain
medium. The results suggest that LRSPP net amplification in
the visible is feasible using reasonable pump power and mo-
lecular concentration. The analysis shows that the gain non-
uniformity close to the metal surface resulting from the
position-dependent dipole lifetime and pump mechanism
must be considered to describe adequately the SPP amplifi-
cation phenomenon.
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