
Gain-Assisted Propagation in a
Plasmonic Waveguide at Telecom
Wavelength

Jonathan Grandidier, Gérard Colas des Francs,* Sébastien Massenot,
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ABSTRACT

The spatial confinement of surface plasmon polaritons is a promising route for realizing optical on-board interconnects. However, mode

losses increase with the confinement factor. To overcome this road block, we investigate propagation assisted by stimulated emission in a

polymer strip-loaded plasmonic waveguide doped with nanocrystals. We achieve 27% increase of the propagation length at telecom wavelength

corresponding to a 160 cm-1 optical gain coefficient. Such a configuration is a step toward integrated plasmonic amplifiers.

At the interface between molecular optics and solid state

physics, molecular plasmonics combines chemical engi-

neering and surface plasmon polaritons (SPPs) properties

to produce hybrid materials available for biosensing, data

storage, photovoltaic cells, or integrated photonic applica-

tions.1 In particular, the design of a surface plasmon

circuitry is the object of intense research due to its ability

to transfer optical information on a subwavelength scale.

In the last years, a large set of passive plasmonic

components were integrated to control and manipulate

SPPs in a planar circuitry.2 Very recently, the feasibility

of using SPP waveguides for achieving 10 Gbit/s chip-

to-chip data transfer has been demonstrated.3 Recent works

also proposed novel configurations to realize all-optical

active SPP functionalities4-7 or to utilize quantum effects

related with SPPs.8 These approaches are however plagued

by the existing trade-off between confinement and propaga-

tion. To overcome this stringent limitation, strategies are

emerging to reduce the intrinsic losses associated to SPP

modes existing on metal surfaces. In particular, stimulated

emission of surface plasmons exploiting optical pumping of

molecular dyes9,10 or erbium ions11 was recently demonstrated

for weakly confined modes. In this letter, we demonstrate

an increase of propagation length for confined SPP modes

in dielectric-loaded surface plasmon polariton waveguides

(DLSPPWs). A DLSPPW typically consists of a dielectric

strip - usually a polymer - deposited on a metal film.12

Efficient integration of passive components based on this

technology was recently demonstrated.13,14 These waveguid-

ing structures are characterized by a large confinement factor

of the mode inside the polymer structure at the expense of

a reduced propagation length.15 To address this shortcoming,

we developed a strategy to partially compensate confinement-

induced SPP losses by doping the DLSPPW polymer layer

with quantum dots (QDs) nanocrystals undergoing stimulated

emission. We therefore take advantage of an efficient overlap

between the SPP mode and the active material.

Lead sulfide (PbS) QDs (Evident Technologies, concentra-

tion in the waveguide N ∼ 9 × 1016 cm-3) were inserted in

a polymethylmethacrylate (PMMA) polymer strip waveguide

fabricated on a 40 ( 3 nm thick gold film using a

UV-lithography technique (Figure 1, and Supporting Infor-

mation). These QDs were chosen for their high photostability

and tunability.16 The waveguide thickness and width were

adjusted for single mode operation. This waveguide geometry

supports a TM (transverse magnetic)-polarized SPP mode

propagating along the guide axis. The magnetic field writes

where kSPP and LSPP are the wave-vector and attenuation

length of the mode, respectively. Experimentally, kSPP and

LSPP are evaluated from leakage radiation microscopy

images recorded in the Fourier and images planes15

(Supporting Information). In the image plane, the detected

intensity is
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H(x, y, z) ) H0(x, z)exp(i(ksppy - ωt)exp(-y/2Lspp)ex
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I(x, y) ∝ |H(x, y, z0)|
2
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where z0 is the objective focal point. Hence, the propagation

length LSPP can be readily inferred by measuring the SPP

intensity distribution. In the Fourier plane, the recorded signal

is

where tilde stands for Fourier transform. The intensity

recorded in the Fourier plane has a Lorentzian shape centered

on the wave-vector of the mode kSPP and with a full-width-

at-half-maximum (FWHM) given by 1/LSPP.

We first investigated the coupling of QDs emission into

waveguide modes (Figure 2). A 532 nm laser was focused

on the doped polymer waveguide to pump the QDs in their

excited states. The fluorescence emitted around 1500 nm was

recorded in the image plane (Figure 2a). A vertical trace

extending on either sides of the excitation area indicates a

guided mode. Figure 2b shows the modal distribution of

effective indices measured in the Fourier plane. The image

was obtained for a large excitation area in order to identify

all the modes supported by the fabricated structures (see also

the inset of Figure 2c). One horizontal line labeled TM00 is

visible at an effective index neff ) ky/k0 ) 1.18 (k0 is the

free space wavenumber).15 This is the signature of a mode

propagating inside the DLSPPW with a constant ky wave-

vector. Importantly for the following, this mode results from

the preferential decay of QDs spontaneous emission into a

SPP mode supported by the DLSPPW. The single mode

nature of the DSLPPW is evident from Figure 2a,b. Ad-

ditionally, three arcs of a circle are also visible in Figure

2b, indicating an isotropic propagation of a mode in the

surface plane. The inner circle originates from fluorescence

coupling to a gold/air SPP mode (neff ∼1.0) located on either

side of the DLSPPW. The two other circles are assigned to

film modes existing inside the PMMA tapering region

adjacent to the waveguide (Figure 1). Specifically, they are

a TM0 gold/PMMA surface plasmon (neff ∼ 1.46) and a

transverse electric TE0 mode (neff ∼1.22) guided into the

large tapered PMMA portion. Both TM and TE modes are

excited due to the unpolarized emission of the QDs and the

multimodal character of the 600 nm thick polymer taper.

Using the Differential method,17 we calculated the effective

indices of the detected modes. We obtained neff(TM00) )

1.18, neff(TM0) ) 1.45, and neff(TE0) ) 1.20 at λ ) 1.525

µm (QDs emission peak) in agreement with the measured

values. Finally, Figure 2c shows the QDs spontaneous

emission intensity versus pump power. The emission inten-

sity was measured as being the intensity averaged over the

complete waveguide homogeneously excited. As expected

from spontaneous decay, this signal linearly increases with

pump power.

The doped PMMA layer can act as a gain medium for the

DLSPPW guided mode if the QDs can undergo stimulated

emission into SPPs.11 To this aim, a TM-polarized infrared

laser beam (λ ) 1.55 µm) is focused on the tapering region

to excite a SPP mode.18 Figure 3a shows the single-

exponential decay of the laser-coupled mode along the

waveguide (LSPP ) 13.6 ( 0.8 µm) and its intensity

distribution (inset) without pumping the QDs. Because of

QDs absorption, LSPP is slightly lower than the propagation

length measured in an undoped (passive) waveguide (LSPP

Figure 1. (a) DLSPPW configuration. A PMMA strip confines the
plasmon at the gold/polymer interface. An additional tapering
structure is designed to efficiently excite the SPP guided mode with
an external infrared laser (Figure 3a). The effectives indices used
in the numerical simulations are indicated on the figure. (b) Atomic
force microscopy image of the DLSPPW. The dimensions of the
waveguide are 600 nm height, 400 nm width, and 65 µm long.

I(kx, ky) ∝ |H̃(kx, ky, z0)|
2
)

|H̃0(kx, z0)|
2

(ky - kSPP)
2
+ (1/2LSPP)

2

(3)

Figure 2. (a) QDs fluorescence (emission wavelength around 1.5
µm) recorded in the image plane. The QDs are excited with a laser
(λ ) 532 nm, NA ) 0.16) focused at the center of the guide (bright
spot). Two fluorescence traces extending on both sides of the
excitation spot indicates that the emission is coupled to guided
modes. (b) QDs fluorescence recorded in the Fourier plane for an
extended defocused excitation. The arrows indicate the different
effective indices (neff ) ky/k0) of the modes existing within the
illuminated area. The gold/air SPP mode effective index (neff ∼ 1)
and objective numerical aperture (NA ) 1.49) were used to calibrate
the Fourier plane. The image is saturated for clarity. (c) Averaged
spontaneous emission intensity for increasing pump powers (dots,
standard deviation indicated) with a linear regression (blue line).
The inset shows an homogeneous emission inside the waveguide
since an extended illumination was used.
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) 14.1 ( 0.5 µm) with the same dimensions. We note that

this difference is small due to the low concentration of QDs

within the waveguide (N ∼ 9 × 1016 cm-3 corresponding to

a volume fraction f ) 7 per thousand). This low propagation

length originates from strong radiative losses. This allows

rapid investigation by leakage radiation microscopy, limiting

thus QDs photobleaching.

To investigate the influence of the pumped QDs on the

SPP guided mode, the waveguide is homogeneously excited

by the 532 nm pump beam (see Figure S2 of Supporting

Information). Figure 3b presents the fitted propagation

lengths LSPP (IP) as a function of pump irradiance IP. The

propagation length remains constant around 13.5 µm for

pump irradiance below 500 W·cm-2 and increases up to 17.2

( 1 µm for 1000 W·cm-2, exceeding the propagation length

of the undoped waveguide. This 27% net gain cannot be

solely explained by a thermal variation of the optical index

of the PMMA,4 suggesting a contribution of stimulated

emission of SPPs.9-11 A signature of stimulated emission is

a spectral narrowing of the emitted light.10 To check this,

we used a single-mode fiber-coupled spectrograph working

at room temperature. Unfortunately, the combination of

coupling losses, weak signal-to-noise ratio at ambient tem-

perature and limited acquisition time (photobleaching)

prevented an unambiguous demonstration of a spectral

narrowing.

Nevertheless, stimulated emission was qualitatively con-

firmed by a line width narrowing of the effective index of

the DLSPPW mode. Stimulated emission of SPP can be

either investigated in frequency space at a fixed mode

momentum or in momentum space at a fixed frequency (see,

e.g., Figure 2 of ref 10). On the basis of a Fourier analysis

of the mode propagation, we report in Figure 4 the effect of

stimulated emission on the effective index line width. The

stimulated emission is associated with a narrowing of the

coupled wave-vectors because the resulting mode is strictly

Figure 3. (a) Attenuation length of the SPP mode inside the
DLSPPW measured in absence of QDs pumping (blue curve). The
data can be fitted by a single exponential decay of the form of eq
2 (green curve) with a decay constant of 13.6 µm. Inset: Image of
the intensity distribution of the mode inside the waveguide. The
SPP guided mode is excited by focusing an infrared laser beam
(λ ) 1.55 µm) onto the tapering region. (b) Propagation length
measured for increasing pump irradiance (λ ) 532 nm) at constant
IR laser power (dots). The blue curve is a guide for the eyes.

Figure 4. (a) Effective index line width of the DLSPPW mode
measured in the Fourier plane without QDs excitation (blue curve).
The line width is well approximated by a Lorentzian fit (green curve,
see also eq 3). (b) Full-width-half-maximum (FWHM) of the
effective index variation ∆neff versus pump irradiance. (c) Density
of mode calculated as a function of wave vector ky and free space
frequency ω. Red dotted lines correspond to λ ) 1.55 µm excitation.
(d) QDs emission spectrum. Comparing panels c and d, we see
that the mode wave-vector varies from ky ) 4.5 µm-1 (neff ) 1.17)
to ky ) 5.4 µm-1 (neff ) 1.24) on QDs emission spectrum FWHM.
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identical to the SPP mode responsible for the stimulation.

Below the transparency threshold (population inversion), the

mode width is mainly governed by the large QDs emission

spectrum so that the effective index width remains ap-

proximately constant for pump powers below 500 W·cm-2

(Figure 4b). More precisely, Figure 4c represents the density

of modes calculated in the QDs emission spectrum range,

revealing the dispersion relation ω ) f(ky).
19 For low

pumping power, the QDs spontaneous emission couples to

the DLSPPW mode with a large spectrum, leading to an

effective index broadening (see also Supporting Information).

When the population inversion is achieved, stimulated

emission increases the amount of energy coupled into the

mode propagating at λ ) 1.55 µm. Figure 4b clearly shows

a decrease of the effective index line width above 500

W·cm-2. This line width narrowing indicates that stimulated

emission of SPP10,11 occurs in conjunction with a net increase

of Lspp (Figure 3b). Importantly, the observed narrowing of

the effective index comes from two contributions, which are

not independent. The first contribution originates from a

compensation of the losses. Reducing the losses strongly

narrows the mode line width since ∆k//(λ) ) 1/LSPP(λ). The

second contribution is the result of a decrease in the

contribution of the spontaneous decay channel in favor of

the stimulated emission channel.

Finally, the optical gain coefficient g ) [1/LSPP(0) -

1/LSPP(IP)] is reported versus pump irradiance in Figure 5. g

was compared to numerical simulations obtained by imposing

negative values to the imaginary part ε′′ of the waveguide

dielectric constant. The gold layer thickness was adjusted

to 35 nm so that the propagation length calculated for ε′′ )

0 equalizes the one measured without pump. The small

difference with the experimental thickness (40 nm) is

explained by additional extrinsic radiative losses due to

scattering by gold roughness and PbS nanocrystals. ε′′ can

be estimated10 from the QDs density (N ∼ 9 × 1016 cm-3),

their emission rate (γ ∼ 106 s-1), their absorption (σa ) 4.3

× 10-15 cm2), and their stimulated emission (σst) cross

sections. σst is an unknown parameter and was adjusted at 3

× 10-15 cm2 to reproduce the experimental gain at 1000

W·cm-2. This value is probably underestimated due to

emission quenching near the metal so that more refined

models should be considered.20 Nonetheless, the experimental

optical gain is qualitatively well reproduced by the theoretical

curve above the transparency threshold (∼500 W·cm-2).

In conclusion, our experimental results unambiguously

demonstrate the occurrence of a surface plasmon polariton

optical gain by stimulated emission of SPPs in a waveguiding

architecture. The gain obtained partially compensates the

losses introduced by confining a plasmon. While this does

not constitute an amplification, several strategies are possible

to realize a plasmonic amplifier. Optical gain in PbS quantum

dots is limited due to the 8-fold degeneracy of the first excited

states requiring at least four excitons for population inver-

sion.21 An optimized gain medium as well as thicker gold

films (reduced SPP radiative losses) would certainly con-

tribute to enhance the optical gain. Finally, different strategies

for active pumping can also be investigated such as

semiconductor electrical pumping.22,23 The realization of

integrated plasmonics amplifiers could represent a key step

toward miniaturized all-optical on-board interconnects.
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