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ABSTRACT: We have demonstrated that the stimulated emission of surface
plasmons propagating on top of multilayered hyperbolic metamaterials coated with
dye-doped polymeric films has a much lower (2.5−7 times) threshold than that on
top of thick Ag films. This observation correlates with more than 2-fold shortening
of the spontaneous emission kinetics on top of a lamellar metamaterial as compared
to that on top of silver. The propagation of surface plasmons on top of the
metamaterial and silver substrates was modeled (in the Otto geometry) using
COMSOL Multiphysics. It has been shown that at given system parameters, the
plasmon propagation loss in a metamaterial is smaller than that in silver by ∼14%
and cannot explain the dramatic reduction of the lasing threshold observed
experimentally in the metamaterial samples. We infer that the stimulated emission of
propagating plasmons on top of a metamaterial is enhanced by the nonlocal
dielectric environment and high local density of photonic states.
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Localized surface plasmons (SPs; oscillations of free
electron density in metallic nanostructures1−3) and

propagating SPs (the most widely known of which are surface
plasmon polaritons, SPPs, electromagnetic surface waves
propagating at the interface between metal and dielectric3−6)
determine the research field of plasmonics. They play a key role
in a variety of sensors,7−9 medical diagnostics10 and treat-
ments,11 communication and information technologies,12,13 and
photovoltaic devices.14,15 (Here by “metal” we mean any
medium with negative real part of dielectric permittivity.)
Surface plasmons have enabled unparalleled properties of many
metamaterials−engineered artificial media comprised of sub-
wavelength inclusions, “meta-atoms”, with custom tailored
sizes, shapes, mutual orientations, and compositions, embedded
in a host matrix.16 Fascinating theoretical predictions and
experimental demonstrations of metamaterials include invisi-
bility cloaking,17,18 negative index of refraction,19−21 subdif-
fraction focusing and imaging,17,22−24 as well as table-top
modeling of cosmological phenomena.25,26

Most of the existing metamaterials and plasmonic devices are
passive. However, novel designs and concepts, such as future
electronics operating at optical frequencies,27 call for active
materials and systems with nonlinearity,28−30 optical gain,31,32

and tunability.33−35 On the other hand, optical loss in the metal
presents a substantial challenge to the widespread use of
metamaterials and plasmonics. The losses can be compensated
by optical gain in an adjacent dielectric.28,36−38 If the gain
overcomes absorption loss in metal, stimulated emission of SPs
occurs. This effect has been theoretically predicted and
experimentally demonstrated for both localized29,39,40 and
propagating28,41−43 surface plasmons.
In our earlier studies,41−43 stimulated emission of surface

plasmon polaritons has been demonstrated at visible wave-

lengths using rhodamine 6G and rhodamine B laser dyes.
However, the required high optical gain (≥1000 cm−1) made
this phenomenon impractical. At the same time, the lasing
threshold can be reduced by more than 20 times44 in the near-
infrared range of the spectrum, where the absorption loss of
SPPs is relatively low and the highly efficient HITC laser dye is
available.
In search for a further reduction of the lasing threshold of

propagating surface plasmons, we have turned our attention to
lamellar metal/dielectric structures, which can support a variety
of SP modes.45−49 In materials with such morphology,
described in an effective medium approximation, real parts of
dielectric permittivities in orthogonal directions can have
opposite signs, and isofrequency dispersion surfaces for
extraordinary waves can be hyperboloids instead of more
conventional spheres or ellipsoids.22,50,51 The latter phenom-
enon determines the name “hyperbolic metamaterial”.22 It also
results in a very high local density of photonic states inside
hyperbolic metamaterials and in the vicinity of their surfaces.52

In accord with the Fermi’s Golden Rule, the broad-band
singularity and anisotropy of the photonic density of states
increase the rate and change the directionality of spontaneous
emission53−56 as well as result in a dramatic reduction of
reflection from roughened hyperbolic metamaterials.57,58

The literature has multiple reports attributing the high
density of states in photonic crystals, which coexists with the
slow group velocity, to an increase in the optical gain and
reduction in the stimulated emission threshold in amplifiers and
lasers.59−62 This claim, which has been confirmed experimen-
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tally in photonic crystals and waveguides,59,62 agrees with the
Fermi’s Golden Rule (postulating the transition rate is
proportional to the final density of states), when a relatively
broad spectral band of stimulated emission or amplified
spontaneous emission overlaps with multiple photonic modes.
These reports and the underlying reasoning have motivated us
to study the stimulated emission of propagating surface
plasmons on top of multilayered metal/dielectric metamaterials
with hyperbolic dispersion.
The nature of the plasmon propagation on top of

multilayered metal/dielectric structures requires some special
attention. It has been shown45,48,49 that these plasmons are not
the familiar SPPs residing at the interface of the outmost
metallic layer and air, but rather a family of bulk plasmons
comprised of multiply coupled (to each other) gap plasmons
supported by metal-dielectric-metal triads of the multilayered
metamaterial. Therefore, the plasmon propagation loss in
lamellar multilayers can be different from that of SPPs on top of
thick metallic films. If the propagation loss of a bulk plasmon is
smaller than that of the SPP, the lasing threshold can be
reduced even further. (Below, unless we need to emphasize the
complex structure of these bulk plasmons, we will refer to them
as surface plasmons.)

■ MATERIALS AND METHODS

Fabrication and Characterization of the Metamaterial
Samples. Lamellar metamaterials, fabricated on glass sub-
strates using thermal vapor deposition technique (Nano 36
from Kurt J. Lesker), consisted of six 35 nm MgF2 layers and six
25 nm Ag layers (Ag on top). In order to evaluate their effective
permittivities in the directions parallel εII and perpendicular ε⊥
to the layers, we have measured the dependence of the p-
polarized and s-polarized reflectance on the incidence angle,
R(θ), and fitted the experimental data with the known
equations.63 At the wavelength λ = 860 nm, the dielectric
permittivities were found to be ε∥ = −5.8 + i1.2 and ε⊥ = −1.4
+ i0.03, and correspondingly, the metamaterials had a
hyperbolic dispersion. Thick silver films (∼200 ± 10 nm),
deposited onto glass substrates, served as control samples.
Deposition of the Polymeric Films. The HITC laser dye

(2-[7-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-1,3,5-
heptatrienyl]-1,3,3-trimethyl-3H-indolium iodide) doped into
poly(methyl methacrylate) (PMMA) polymer in concentration
20 g/L (40 mM) was spin-coated on the lamellar metamaterial
and control samples (Spin-Coater Model P6700 from Specialty
Coating Systems). The thickness of the polymeric films was

equal to 200 ± 10 nm. (All thickness measurements were done
with the Dektak XT profilometer from Bruker.)

Laser Pumping and Emission Measurements. The dye-
doped polymeric films were excited at the wavelength λ = 750
nm and the incidence angle θ = 90° with 5 ns pulses from an
optical parametric oscillator (Panther EX PLUS pumped by
Surelight SLIII from Continuum). The pumped spot diameter,
determined using the knife-edge technique, was 1.7 mm. The
emission from the sample was collected at ∼45° and directed to
the monochromator (MS 257 from Newport/Oriel) equipped
with Hamamatsu R2658 photomultiplier detector attached to
the exit slit of the monochromator. Emission spectra were
collected at optical pumping densities ranging from 7.0 to 225
J/cm2.

Spontaneous Emission Kinetics. In the spontaneous
emission kinetics measurements, the samples were excited at λ
= 760 nm with the 200 fs Ti:sapphire laser (Mira 900 pumped
with 28W Innova Ar+ laser from Coherent). The repetition
rate was 76 MHz. The average power on the sample was equal
to 19.3 mW, and the pumped spot diameter was approximately
equal to 0.15 mm. The emission kinetics were measured using
the near-infrared streak camera from Hamamatsu (model
C5680). Proper long-pass filters installed in front of the streak
camera were used to block the pumping light and transmit the
spontaneous emission. The response time of the apparatus,
determined by the wide-open slits of the streak camera and
jitter of the laser, was equal to 80 ps.

■ RESULTS AND DISCUSSION

Stimulated Emission Studies. At low pumping intensity,
only the spontaneous emission band was observed in the
spectrum at λ ∼ 810 nm (not seen in the scale of Figure 1a).
With an increase of the pumping energy, a second spectral band
appeared at λ ∼ 860 nm, Figure 1a. Following refs 41, 43, and
44, this band is attributed to stimulated emission of surface (or
bulk) plasmons without intentional feedback. As the pumping
intensity was increased further, the stimulated emission band
also grew, as shown in Figure 1a.
The intensity of stimulated emission from the HITC-doped

PMMA films on top of lamellar metamaterial and the silver film
(measured as shown by the arrow in Figure 1a) has been
plotted against the pumping energy to comprise the input−
output stimulated emission curves, Figure 1b.
Three sets of nominally identical metamaterial and silver

samples were fabricated and three sets of identical measure-
ments have been carried out independently from each other. In
all experimental trials, both the threshold pumping energy Ein

th

Figure 1. (a) Spectra of stimulated emission of the 200 ± 10 nm HITC-doped PMMA film on top of lamellar metamaterial at the pumping energy
equal to 0.1 (1), 0.2 (2), 0.39 (3), 0.62 (4), and 1.2 mJ (5). (b) Input−output dependences for the 200 ± 10 nm HITC-doped PMMA film on top of
lamellar metamaterial (1) and Ag (2). (c) Spectra of stimulated emission of the 200 ± 10 nm HITC-doped PMMA film on top of lamellar
metamaterial (1) and Ag (2).
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and the slope efficiency, dEout/dEin, were much smaller in dye/
polymer films on the metamaterial (MM) than on silver (see
Figure 1b showing the results of one representative experi-
ment). To be more specific, the three ratios of the stimulated
emission thresholds ((Ein

th)MM/(Ein
th)Ag) were equal to 0.14 ±

0.05, 0.23 ± 0.05, and 0.40 ± 0.05, and the corresponding
ratios of the slope efficiencies ((dEout/dEin)

MM/(dEout/dEin)
Ag)

were equal to 0.32 ± 0.05, 0.35 ± 0.05, and 0.32 ± 0.05.
Of particular note is a red shift of stimulated emission

measured on top of a metamaterial relative to that on top of Ag
film (Figure 1c). In tunable lasers featuring partly overlapping
absorption and emission bands, such a red shift is indicative of a
lower loss in the system.44 In our experiments, this indication of
a lower loss qualitatively correlates with the reduction of the
lasing threshold in the metamaterial sample.
To confirm the effect of our metamaterial on the

spontaneous emission, we split one of the lamellar
metamaterials samples in two. Onto one side, we deposited
the polymeric film heavily doped with the HITC dye (20 g/L)
and used it to measure the reduction of the lasing threshold,
which in the case of this particular sample was equal to
((Ein

th)MM/(Ein
th)Ag) = 0.23. Onto the other half of the same

sample (as well as Ag and glass substrates), we have deposited
the polymeric film doped with the same dye in much smaller
concentration (3 g/L) and studied its spontaneous emission
kinetics. The PMMA film thickness in this particular experi-
ment was equal to 80 ± 5 nm. The small concentration of the
HiTC dye was chosen to minimize concentration quenching.
The normalized emission decay kinetics I(t) of the HITC-

doped PMMA films deposited onto the metamaterial, silver,
and glass are depicted in Figure 2. In agreement with multiple

reports,53−56 the emission lifetime in the metamaterial sample,
τ, defined as ∫ 0

tmaxe−t/τ = ∫ 0
tmaxI(t)(dt/I0), was much shorter than

those in the Ag and glass substrate samples, Figure 2. (Here, I0
is the maximal emission intensity measured immediately after
the pumping pulse, and tmax is the duration of the recorded
emission kinetics determined by the maximal limit of the streak
camera.) The reduction of the emission lifetime is characteristic
feature of the high photonic density of states in a metamaterial
with hyperbolic dispersion.52 Note, the ratio τMM/τAg was equal
to 0.43 ± 0.05, larger than the ratio of the stimulated emission
thresholds ((Ein

th)MM/(Ein
th)Ag) = 0.23 ± 0.05, and reasonably

close to the ratio of the slope efficiencies, ((dEout/dEin)
MM/

(dEout/dEin)
Ag) = 0.35 ± 0.05.

An alternate cause for the observed reduction of the
stimulated emission threshold on top of hyperbolic meta-

material, might be a reduced internal loss of the plasmon
propagation. To investigate this possibility, we modeled the
system using the COMSOL Multiphysics software package. We
chose to simulate plasmons excited in the Otto configuration6

(Figure 3a), since it allows to efficiently excite plasmons in the
top layers of the metamaterial, which are close to the dye-doped
polymeric film.
Our system consisted of the following layers, from top to

bottom: (i) glass with the high refractive index n = 1.8 (2 μm
thick), (ii) PMMA layer (n = 1.5, varied thickness), (iii)
lamellar metamaterial consisting of seven layers of Ag (ε̃λ=860nm
= −36.74 + i0.49,64 25 nm thick) and six layers of MgF2 (n =
1.374, 35 nm thick), and (iv) lower index glass (n = 1.5, 1 μm
thick), see Figure Figure 3a. This structure was sandwiched
from the top and from the bottom between the nonreflecting
perfect matching layers (PMLs). The periodic boundary
condition was chosen on the left and right vertical walls, and
an appropriate mesh size (much smaller than the thickness of
the thinnest layer in the system) has been selected. In a
simulated control sample, the lamellar metamaterial was
replaced with the single 600 nm Ag layer, Figure 3b.
The system was excited from the top (at λ = 860 nm) by the

TM polarized plane wave, whose angle of incidence varied
between θ = 30 and 80°. In our study, we modeled both the
electric field distribution (y component, Figure 3a,b) and the
angular reflectance profile R(θ) (Figure 3c). The width of the
characteristic dip in the angular reflectance profile (Figure 3c)
has been used as the measure of the plasmon’s loss, which has
both the radiative and the propagation (absorption)
components.38 The radiative loss decreases with increasing
thickness of the low index spacer d (PMMA layer), while the
propagation loss is independent of spacer layer thickness, d.4

The full width at half-maximum (fwhm) of the angular
reflectance profile Δθ is depicted in Figure 3d for metamaterial
and silver as the function of the spacer thickness d. As expected,
Δθ decreased with an increase of d at small thicknesses of the
spacer and saturated at d > 1200 nm, where the propagation
loss dominated over the radiative loss. In the latter range of
large spacer thicknesses, the surface plasmon propagation loss
in the metamaterial was only marginally smaller (by ∼14%)
than that in silver. This difference is too small to explain the 2-
fold-to-7-fold reduction of the lasing threshold observed on top
of hyperbolic metamaterial substrates.
One can argue that the same high photonic density of states

(which in photonic crystals is closely related to the reduced
group velocity) should increase the absorption loss in metal,
which, in turn, will compensate the enhancement of gain,
leading to no change in the stimulated emission threshold.59,61

To address this hypothetical argument, we note that, although
the group velocity is related to the density of photonic states,
these are two distinctly different phenomena. Thus, according
to ref 65, the absorption is affected by the speed of light in the
medium but is not directly influenced by the photonic density
of states. This statement is in line with the results of the recent
study,66 showing that the dispersion of the Purcell factor in
hyperbolic metamaterials strongly influences the spontaneous
emission spectra but not the excitation spectra. Furthermore,
absorption is not the only loss mechanism determining the
stimulated emission threshold in the system. Other factors
include out-of-plane decoupling (allowing us to detect the
stimulated emission) and possible unintentional feedback
originating from inhomogeneous film thickness or surface
roughness.43 If the radiative losses are strong, then enhance-

Figure 2. Spontaneous emission kinetics of HITC-doped PMMA films
(3 g/L) measured on top of glass (1), silver (2), and metamaterial (3).
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ment of the optical gain by the high photonic density of states
should reduce the threshold, as it happens in nearly lossless
dielectric photonic crystals,59,61 and any hypothetical changes
of absorption become unimportant.

■ CONCLUSIONS

We have shown that the stimulated emission of surface
plasmons propagating on top of multilayered metal/dielectric
hyperbolic metamaterials coated with optically pumped dye-
doped polymer has a much lower (nearly 3-fold to 7-fold)
threshold than that in similar films coated on top of thick Ag
films. The corresponding slope efficiency for dye-doped
polymer films on the metamaterial samples is 3-fold smaller
than that in similar films on the silver substrates. These
observations correlate with greater than 2-fold shortening of
spontaneous emission lifetime from films on the metamaterial
as compared to those on top of Ag. The propagation of surface
plasmons on top of lamellar metamaterials and Ag substrates
(excited in the Otto geometry) was modeled with COMSOL
Multiphysics. It has been shown that, at the given system
parameters, the internal plasmon loss of SPP in the
metamaterial is smaller than that in silver by ∼14%, and this
small difference cannot explain dramatic reduction of the lasing
threshold observed experimentally. This prompts us to
conclude that the stimulated emission of propagating plasmons
on top of the metamaterial is, indeed, enhanced by the nonlocal
dielectric environment and high local density of photonic states.
The reported experimental results pave the way to active
plasmonics and bring it closer to reality.
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