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Abstract It is shown that lasing action at subwavelength
scales can be achieved in realistic plasmonic systems sup-
porting long-range surface plasmons (LRSPPs). To this end,
a general numerical framework has been developed that is
able to accurately account for the full spatio-temporal las-
ing dynamics and the vastly different length- and time-scales
featured by this class of systems. Starting from a loss com-
pensation regime for propagating LRSPPs, it is shown how
the introduction of an optical feedback mechanism induces
the formation of a self-sustained laser oscillation at mod-
erate pump intensities. The simplicity of the proposed sub-
wavelength scale laser offers significant potential as a novel
class of planar light sources in complex plasmonic circuits.

Bragg Mirror

Bragg Mirror | Gain Molecules

Waveguide

Lasing action assisted by long-range surface plasmons
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Long-range surface plasmons (LRSPPs) are optical surface
modes supported by symmetric insulator-metal-insulator
structures [1]. The unique properties featured by these
modes have drawn significant interest, both from funda-
mental and applied points of view. As already indicated by
their name, the propagation losses of LRSPPs are very small
compared to other plasmonic modes. This fact, together
with their ability for confining light at subwavelength scales
in the transversal direction, has made LRSPPs promising
platforms for the development of a number of planar pho-
tonic components [2,3].

On a different note, a number of recent works have
successfully demonstrated the feasibility of achieving
nanoscale lasing action assisted by a variety of plasmonic
resonances. In general, these plasmonic lasers can be clas-
sified by the nature of the considered surface plasmon res-
onance. Plasmonic lasing action can be based on localized
plasmonic surface modes [4-9], or, alternatively, on prop-
agating surface plasmons [10-12]. Of special interest in
this last category is the recent realization of a plasmonic
laser assisted by deep-subwavelength propagating gap plas-
mons supported by hybrid deep-subwavelength plasmonic
waveguides [10, 12]. While lasing action in systems based
on localized plasmons requires compensation of the losses,
for the those based on propagating plasmons loss compen-
sation and a feedback mechanism is needed. An alternative
to those two routes are lasers that employ stopped-light [13],
as they enable lasing action without cavities and without
threshold.

Very recently Kéna-Cohen et al. [14] have successfully
demonstrated confined plasmonic amplifiers based on LR-
SPPs. The extension of these findings to the development
of LRSPPs subwavelength scale lasers would represent an
important advance in the field of subwavelength coherent

light sources. The potential of LRSPPs for plasmonic am-
plifiers and lasers is significant due to the following reasons.
First, the low propagation losses featured by LRSPPs re-
duce the optical gain required for full-loss compensation,
and, therefore, bring closer the prospect of reaching the
lasing onset at moderate pump powers. Second, the rate of
spontaneous emission of a dipolar emitter into LRSPPs is
remarkably low [14,15]. This enables low-noise optical am-
plification and, due to the well-defined TM polarization of
LRSPP modes, laser action with low polarization noise [15].
Of course, the low coupling to spontaneous emission also
yields an increase of the lasing threshold via the effec-
tive reduction of the corresponding B-factor. Finally, by
taking advantage of the all previous technology developed
for creating on-chip LRSPP components, LRSPP lasers are
suitable for their integration in complex optical circuits.

In this Letter, we theoretically demonstrate that lasing
action can be achieved in realistic LRSPP geometries, and
we present an extensive study of the lasing action of this
class of subwavelength scale lasers. For this purpose, we
have developed a complete general numerical framework,
which allows tracking accurately the spatio-temporal evo-
lution of the relevant physical magnitudes governing the
lasing action in the considered systems. Using this gen-
eral formalism, we go beyond the ohmic-loss compensa-
tion regime and show that, for moderate values of the pump
power, self-sustained laser oscillations can be observed in
LRSPP structures that include an optical feedback mecha-
nism.

Figure 1 renders a sketch of a possible realization of
the considered LRSPP lasers. A thin metallic waveguide is
embedded within two layers of gain material and the whole
structure is enclosed in an homogeneous dielectric medium
with a refractive index of n = 1.71. We assume that the
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Figure 1 Sketch of the considered lasing device based on LR-
SPPs. The optical gain is provided by organic molecules below
and above the waveguide, while optical feedback is created by
the Bragg mirrors located at the ends of the waveguide.

optical feedback needed for reaching the lasing onset is in-
troduced by including a reflection mechanism at the ends of
the waveguide. These reflective waveguide boundaries can
be realized with Bragg mirrors designed to display a large
reflection coefficient for the LRSPP propagating along the
structure [16]. The simulation of lasing action in these de-
vices requires a numerical method capable of accounting
for the full spatio-temporal dynamics that results form the
interplay between the highly non-uniform electromagnetic
field supported by the structure and the electronic dynam-
ics of the molecules that form the gain medium. This is a
particularly challenging problem due to the vastly differ-
ent temporal and spatial scales involved in the problem. On
one hand, the smallest length scale in the considered LRSPP
laser geometry is given by the height & of the waveguide.
Following the recent experiment [14], a value of 4 = 21 nm
is assumed in all the calculations displayed in this work. On
the other hand, the largest length scale in the problem is set
by the length [ of the LRSPP waveguide, in our case [ is of
the order of a few microns. As shown below the minimum
length required for reaching the lasing regime depends on
the effective gain and the reflectivity of the boundaries. Re-
garding the different time-scales involved in this problem,
the minimum time scale is set by the fast femtosecond op-
tical oscillation of the electromagnetic fields, whereas the
maximum time-scale is defined by the slowest electronic
decays of the considered molecular states, which are of the
order of a few nanoseconds.

In order to tackle this challenging numerical prob-
lem, we have generalized a recently proposed finite el-
ement method (FEM) approach for simulating active
structures [17] to three-dimensional lasing systems with
reflective boundaries. The adaptive mesh featured by
this FEM approach allows the efficient discretization of
all geometrical characteristics of the considered systems.
Before proceeding, we present an overview of the numer-
ical method developed in this work (a detailed descrip-
tion can be found in the Supporting Information). As in
the experimental realization of the LRSPP amplifier [14],
organic molecules (DCM molecules) dispersed in a host
medium (Alg;) are used as gain medium in our simula-
tions. This allows us to fit all free parameters of our gain
dynamics model to the experimental results. In order to pro-

vide gain in this system, the host is optically pumped and
the energy is transferred via Forster energy transfer to the
DCM-molecules. In contrast to the also widely used dye-
molecules [18-20], gain saturation in this guest-host system
is not mainly reached by excitation of all DCM-molecules,
but rather the gain is limited by a bimolecular annihila-
tion mechanism. This bimolecular annihilation also limits
the influence of the Purcell-effect at high pump intensities,
as illustrated later on in the discussion of the propagation
properties of LRSPPs in these waveguides.

A simple set of rate equations governing the dynamics
of the populations, which includes bimolecular annihila-
tion, is given by:

N
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Here Ny, and Npcy are the densities of excited Alg- and
DC M-molecules, respectively. G is the pump rate, 74;, and
Tpcu are the corresponding molecular lifetimes, k; is the
Forster transfer rate (which depends on Np¢, and on the to-
tal density of DCM-molecules Ny = 3 - 10"cm—3), and k,,,
is the Alg-DC M -annihilation rate. The numerical values of
all constants are given in the Supporting Information. The
polarization density P depends on both the electromagnetic
fleld and the density of excited DCM molecules. Therefore,
P is the key magnitude that couples the molecular dynam-
ics to the EM field. In Eq. (2), the stimulated emission term
is averaged over one period of the emission frequency w of
the DCM molecules.

In our simulations, the gain medium is pumped at a
wavelength of Ap,,,, = 355 nm, while the emission wave-
length of the organic molecules is A = 633 nm. This signif-
icant spectral separation of the pump field and the LRSPP
(which in turn will be located close to the emission wave-
length) allows to solve the field equations for the pump and
for the plasmon separately. In our approach we introduce
an approximation based on treating the two contributions
separately. The validity of this approximation is guaranteed
by the large spectral separation between both contributions.
Splitting all electromagnetic fields in a part related to the
pump and a second one related to the LRSPP allows to use
an ansatz suitable for the time dynamics of the systems un-
der continuous-wave pumging. Specifically, in terms of the
magnetic potential vector A(t), this ansatz can be expressed
as

At = A(e . 3)

As the fast dynamic related to the optical frequency w is in-

cluded in the harmonic factor in Eq. (3), A only varies
slowly on time scales defined by the dynamics of the
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molecules. Using a similar ansatz for all fields allows to
speed-up the simulation significantly without using any ap-
proximation. It should be noticed that the main approxima-
tion introduced in this approach is not the use of the ansatz
given in Eq. (3), which is only a reformulation of the time
dependency, but rather the splitting of the field in two parts.
This splitting is essential for the practical application of the
used ansatz. This, in turn, allows us to study the dynam-
ics of the system up to the nanosecond time-scale. Notice
also that the splitting of the field equations in two parts
does not affect the fact that the dynamics of the LRSPP is
coupled to the pump field via the electronic rate-equations
characterizing the gain medium.

The conventional formulation for time-dependent sim-
ulations of electromagnetic fields consists in expressing the
field dynamics with the help of the vector potential A [21],
so that the field equation reads

1 - - -
V x [—v x A] +€.€037A =9,P. 4)
Ho

In Eq. (4), €, is the time-independent part of the relative
permittivity, while the time-dependent part is included in
P. In the numerical approach introduced in this work, the
above equation is solved using the so-called weak-form
formulation [21]. This approach consists, first, in multi-
plying Eq. (4) by a test-function and, then, integrating the
resulting product over the whole simulation domain. As ex-
plained in detail in the Supporting Information, a boundary
term appears after performing a partial integration. This
boundary term can be used to obtain the solution with the
desired physical boundary conditions. In the case of re-
flective boundaries (required for the simulation of LRSPP
lasers) the knowledge of the spatial profile of the mode
which should be reflected is needed. In our implementa-
tion, we obtain that spatial profile from simulations of a
LRSPP propagating in a passive waveguide without or-
ganic molecules. In this way, the reflectivity of the bound-
aries is adapted to the passive system, as it would be in
an experimental realization. Finally, noise and spontaneous
emission [19] are not accounted for in the presented study.
As LRSPP are known to couple only very weakly to spon-
taneous emission [14, 15], noise is expected to be a minor
effect in our system.

As a first step towards plasmonic lasing enabled by
long-range surface plasmons, we discuss the propagation
properties of LRSPPs in the considered structure. These
properties provide the basis for understanding the lasing be-
havior and allow us to fit the parameters of our microscopic
model of the organic molecules to available experimental
results [14]. The solid lines in Fig. 2 show the dependency
of the imaginary part of the propagation constant of the LR-
SPP on the pump intensity for a gold-based waveguide. The
geometrical parameters in this simulation are the same as
those by Kéna-Cohen et al. [14]. As mentioned above, the
waveguide height is # = 21 nm. The width of the waveg-
uide w is chosen to be w = 1um. On top of the waveguide
we place a 130 nm-thick layer of organic molecules. We
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Figure 2 Propagation properties. The solid lines show the de-
pendency of the imaginary part of the propagation constant on
the pump intensity for a 1 um-wide and 21 nm-high gold waveg-
uide with a 130 nm high layer of organic molecules on top. As
shown by the decreasing separation of the blue (without) and
black (with) line, the Purcell effect becomes less influential for
higher pumps, as bimolecular annihilation increases. The inset
shows the agreement of the numerical results for used parameter
with the experimental results of Kéna-Cohen et. al. [14] (exper-
imental results are taken from Fig. 3 within the reference). The
dashed lines show the propagation properties of the modified
system used in lasing simulations.

assume that these molecules are optically pumped from
above. As clearly observed in Fig. 2, full-loss compensa-
tion and amplification (Im(k,) < 0) can be reached, and for
the highest pump intensities Im(k,) saturates at values in
the order of —2 x 10*m~!.

The comparison of the results with and without Pur-
cell effect (black and blue lines, respectively, in Fig. 2)
illustrates the influence of the Purcell effect on the ef-
fective gain. For the smaller intensities of the pump field
(|E1,l,m,,|2 <5- 1012V2/m2), the reduced lifetime of the
excited DCM state results in a significantly reduced gain
coefficient when the Purcell effect is included. This effect
is less pronounced for larger values of E,,,,,, mainly due
to the fact that the bimolecular annihilation becomes sig-
nificant at higher density of excited molecules.

For a waveguide without feedback, the intensity of the
LRSPP is much smaller than the pump field. Therefore, the
depopulation of the excited DCM state due to stimulated
emission can be neglected. This fact allows us to carry out
an alternative calculation of the propagation properties of
the considered active systems by applying the following
time-independent approach. First, we compute the spatial
field distribution of the pump field E pump(). Then, we
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calculate the pump rate G(¥) at each point within the gain
layer by using

G(i) = €000 | E puump (P2, (5)

WD pump h

where ;. 1s the pump frequency, « is the absorption co-
efficient and ny,, is the refractive index of the host. After
that, we use the fact that, for a given time-independent pump
rate, the set of electronic rate equations given by Egs. (1)
and (2) has a steady solution when neglecting the last term
on the right-hand side of Eq. (2). This approximation is
justified because the neglected term is precisely the one
that describes stimulated emission processes. The resulting
population density Npc () is employed to find the spatial
distribution of the relative permittivity €,(r) at the wave-
length of the LRSPP. Finally, we use the resulting €,(F) to
compute, via an eigenmode calculation, the corresponding
propagation constant of the LRSPPs.

The results from these simulations are summarized in
Fig. 2. Solid lines in this figure render the results ob-
tained via eigenmode-calculations, while the red crosses
display our results for the corresponding steady-state values
as obtained from time-dependent calculations. The good
agreement between the time-dependent calculations and
the eigenmode-calculations illustrates that, indeed, stimu-
lated emission can be neglected for propagating LRSPP.
The small differences between the results are mainly due
to different discretization meshes used in both types of
calculations.

Lasing action in devices based on propagating surface
plasmons requires of both effective gain and an optical feed-
back mechanism. The above discussion on the propagation
properties shows that effective gain can indeed be achieved
in the considered class of systems under realistic condi-
tions. Thus, in order to access the lasing regime, a feed-
back mechanism must be implemented on the considered
structure. In this work, this feedback mechanism is added
by assuming that the boundaries of the waveguide have a
certain reflectivity, described by a reflection coefficient r.
Experimentally, reflective boundaries for LRSPP have been
realized as Bragg mirrors [16]. The required absolute value
of r is determined by the effective gain and the length of
the waveguide /. This dependence simply reflects the fact
that lasing can only be achieved if all loss channels in the
system are fully compensated. Mathematically, the condi-
tion for lasing can be formulated as r exp [—Im(k,)I] > 1.
Due to the complexity of the simulations, only waveguides
with a length of a few microns are numerical accessible.
Considering that the propagation constant is limited to val-
ues of Im(k,) > —2 - 10*m~! (see Fig. 2), the requirement
for full-loss compensation indicates that lasing can be only
expected for boundaries with a very large reflection co-
efficient » > 0.98. However, it should be highlighted that
this restriction to very high reflectivities only stems from
numerical limitations. In experimental realizations, active
systems based on LRSPP waveguides with lengths of up to
40 pm have been demonstrated [ 14]. For waveguides of that

length, the condition of full-loss compensation is fulfilled
for values of the reflection coefficient r > 0.44.

In the Supporting Information we show that a simplified
two-dimensional model can be used for simulating lasing
action in a very long waveguide (I &~ 40um). However, for
the purpose of reaching the lasing regime within the full
three-dimensional simulation, in the rest of this letter we
modify the system in order to allow for a higher effec-
tive gain. Specifically, we introduce the following changes.
First, a second layer of organic molecules is added below
the waveguide, in order to take advantage of the symmetry
of the LRSPP with respect to the waveguide. Second, the
height of both the top and bottom layers is increased to
300 nm. This height is comparable to the decay length of
the plasmon field in the direction normal to the waveguide
(294 nm) so that these two changes secure that 77% of
the energy of the LRSPP are located within the gain lay-
ers. The density of molecules is increased by a factor of
3. Finally, instead of a gold waveguide a silver one is
used. The propagation properties computed for this modi-
fied structure are shown as dashed lines in Fig. 2. As ob-
served in this figure, the above described changes make it
possible to access values of the propagation constants of
Im(k,) 2 —1.8-10°m~".

As an example of the typical dynamics of the lasing
action, we study the time dependency of the amplitude of
the LRSPP-mode (wgpp = 2.98 - 10957!) in a waveguide
with |r| = 0.95and alength of [ = 2A5pp = 724 nm, Aspp
being the modal wavelength of the plasmon. Notice that the
emission of the molecules and the plasmon mode are in
resonance, in such a way that an optimal coupling of the
plasmon to the gain medium is achieved. In these simula-
tions, the system is optically pumped until the steady state of
the population densities is reached. Once that steady-state
has been achieved, the LRSPP mode is switched on. The
time dependency of the LRSPP amplitude for pump inten-
sities above the threshold (E,;, & 4.9 - 10° V /m) shows the
characteristic lasing behavior (see Fig. 3). After displaying
a series of spikes at lower values of time, the modal ampli-
tude of the LRSPP reaches a steady-state (after around 0.6—
0.7 ns, or equivalently 3 - 10° optical periods). The inset
shows how the intensity of the LRSPP mode in the steady
state depends on the pump intensity. Above the thresh-
old the characteristic linear dependency of lasing action
is clearly observed. We have also performed control sim-
ulations without the metallic waveguide in order to high-
light that the lasing action is assisted by long-range surface
plasmons.

As our numerical framework includes the full spatial
and temporal dynamics of both the electromagnetic field
and the population densities of the molecular states, it
enables us to study the microscopic origin of the lasing
action and the details of the interplay between the field
distribution and the population densities. In Fig. 4, the spa-
tial distributions of the field and the population density of
excited DCM molecules are shown. These results display
how the feedback introduced by the reflective boundaries
leads to the formation of a standing wave with a LRSPP-
field profile within the waveguide. As seen in Fig. 4, the
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Figure 3 Dynamics of the lasing action. The time dependency
of the amplitude of the electric field (taken at a maximum within
the waveguide) for different pumps is shown in the main plots.
For pump intensities above the threshold (E;, ~ 4.9 - 108 V/m)
the typical lasing dynamics is found. The results are shown for
a waveguide length of /| = 2igpp = 724 nm and |r| = 0.95. The
inset shows the linear dependency of the SPP intensity (averaged
over the gain layers) in the steady state on the pump intensity.

LRSPP provides subwavelength confinement in the verti-
cal direction (the corresponding decay length being 294 nm,
which is smaller than A /n = 370 nm). Note that the phys-
ical mechanism responsible for this vertical confinement
is plasmonic in nature, and, therefore, it differs from the
total internal reflection mechanism that characterizes high-
index dielectric (non-plasmonic) waveguides. In addition,
notice how the interplay between the plasmon field and the
population density causes a non-uniform density of excited
DCM molecules (see lower panel of Fig. 4). It is partic-
ularly apparent how the maxima in the field distribution
induce minima in the singlet density. The displayed popu-
lation density also illustrates again how the Purcell effect
depends on the pump intensity. Given that the structure is
pumped from above, the pump intensity above the waveg-
uide is significantly higher than below. This in turn leads to
a layer of quenched molecules below the waveguide much
thicker than the one above the metal (as indicated by the
blue layers below and above the waveguide in the lower
panel of Fig. 4). To the best of our knowledge, this is the
first time that such dependence of the Purcell effect on the
electric field intensity has been reported in the context of
lasing action at subwavelength scales.

In conclusion, we have analyzed the lasing behavior
of long range surface plasmons using a novel numerical
method that includes the full spatial and temporal dynam-
ics of the electromagnetic field and of the gain medium. We
have shown how the low propagation losses of LRSPP can
lead to low lasing thresholds in systems than incorporate op-
tical feedback. These low lasing thresholds, together with
the planar and subwavelength character of LRSPP, make
the structures analyzed in this work promising candidates
for creating novel types of coherent light sources suitable

Metal

i

Figure 4 Spatial distribution of the field intensity (a) and DCM
singlet density (b) in the lasing regime. The top panel shows the
intensity distribution of the LRSPP mode. The reflective bound-
aries lead to a standing wave within the waveguide. While the
pump field is uniform along the propagation direction (x-direction),
the interplay between the LRSPP-field and population density
leads to a non-uniform singlet density (lower panel). The results
are shown for a pump of Epymp = 5.5 - 108 V/m and the field in-
tensity is presented in the steady state while the population is
shown shortly after the first lasing spike.

Gain
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for their integration in plasmonic circuits. Furthermore, we
believe that the numerical method introduced in this work
provide a powerful tool for analyzing, designing, and op-
timizing not only LRSPP subwavelength scale lasers, but
also a broad variety of other subwavelength lasing devices.
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