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For the last few years, plasmon-based lasers have been investigated theoretically and experimentally. Several con-
figurations have been reported. They are composed of quantum emitters coupled to a plasmonic structure. In this
paper, we investigate the effect of the plasmon mode on the far-field and near-field characteristics of a nanolaser
composed by a periodic array of metallic nanoparticles covered by gain materials under optical pumping. Two
configurations were investigated. The first structure supported a localized surface plasmon (LSP) mode, while the
second a surface lattice plasmon (SLP) mode. This theoretical work relies on semi-quantum calculations based on
a four-level gain molecule and a time-domain approach. We demonstrated that lasing in a SLP mode requires a
lower concentration of quantum emitters and generates a higher far-field emission with a lower threshold than
lasing in a LSP mode. At nanoscale, near-field enhancement at the emission wavelength and above the threshold is
2 orders of magnitude higher with the SLP than the LSP mode. Our results with a general character show that
designing a plasmon-based laser that sustains the SLP mode will result in a better lasing efficiency than with a LSP

mode. © 2018 Optical Society of America
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1. INTRODUCTION

Periodic arrays of metallic nanoparticles have remarkable optical
properties associated with the excitation of surface plasmons,
making them of great interest in sensing [1-12] and lasing
[6,13,14,15,16,17,18]. When illuminated by a plane wave, di-
polar and higher order plasmonic modes could be excited as well
as the surface lattice plasmon (SLP). The latter is the result of
coupling diffraction orders to a localized surface plasmon (LSP)
mode. The SLP exhibits significant improved properties when
compared to LSP resonance [19-24]. Improvements include
high-quality peak [25-27], angle-dependent dispersion [28],
sensitivity to refractive index [29], and higher near-field enhance-
ment [30,31]. The SLP has been successfully used for lasing in
Refs. [32—-37]. In Ref. [32], the authors reported lasing by band
edge lattice plasmons in arrays of gold nanocavities in a homo-
geneous dielectric environment doped with IR-140 dye. Several
plasmon-based lasers have been theoretically proposed and exper-
imentally demonstrated using periodic plasmonic cavities
sustaining electromagnetic resonance that does not satisfy the
SLP condition [38,39]. More specifically in Ref. [40], it was
demonstrated theoretically that the type of lasing mode can
be tuned by modifying the grating constant. In this paper, we
expose the first systematic comparison between lasing in SLPs
and lasing in the LSP mode. To this end, we investigate theo-
retically two different plasmon-based lasers composed of an array
of gold nanorods. The first array has a period » = 300 nm and
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supports LSP mode, while the second has a period p = 525 nm
and sustains a SLP mode. Both arrays are covered by an active
layer containing a fluorophore as a quantum emitter at a
concentration Cy = 40 pmol - mL!.

The paper is structured as follow: in the first section, the
theory and modeling used to describe gain molecules interact-
ing with plasmonic field are reviewed. In the second section,
the optical properties of the so-called passive structure, which
corresponds to a concentration of the gain molecule equal to 0,
are investigated. The third section exposes the far-field proper-
ties of lasing: emission intensity, mechanism of lasing, and
dependence to the concentration of gain media. In the fourth
section, the near fields associated with lasing in each mode are
compared.

2. BRIEF REVIEW OF THE THEORETICAL
APPROACH

In order to model interactions between the gain molecules and
the plasmonic resonator, a semi-quantum approach was devel-
oped in Refs. [32,39,40]. Briefly, in such an approach, the
electromagnetic field is treated classically by solving the time
domain Maxwell equations,
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where in Faraday’s law, we introduce a current] = % to ac-
count for the modification of the total field due to the presence
of the quantum emitters. P is the net macroscopic polarization
of the gain material. The quantum emitters are described as
four level molecules (Fig. 1). P is the consequence of the ab-
sorption transition from state 0 to state 3 and the emission tran-
sition from state 2 to 1. Other transitions are assumed to be
very fast and negligible. P,; and Py; are both calculated by
solving [41-44]
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Aw;; is the bandwidth of the transition of interest, and k;; =
6ﬂ€063/wid»yi,j and p;; = p; - p; are the population density
difference between the upper and lower states. ;; is the spon-
taneous decay rate.
The population density of the fundamental and excited

states p;;(#) could be derived from the rates equations
approach,
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The above set of nonlinear coupled equations describes the
whole spatiotemporal dynamics of a four-level energy system
interacting with electromagnetic field including metallic nano-
particles. The equations are solved in a three-dimensional
scheme, according to the technique described in Ref. [39].
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Fig. 1. Transitions accounted in the gain molecule: 1, Absorption
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. OPTICAL PROPERTIES OF THE PASSIVE
STRUCTURE

Let us first describe the optical response of the passive structure
(without the fluorophore). Two different samples are considered
in this study. They consisted in 2D arrays of gold nanorods em-
bedded in an infinite lossless dielectric host material, whose re-
fractive index equals 1.5. The nanorods are 100 nm long, 50 nm
wide, and 60 nm high. The two samples differ in the period p of
the grating: 300 nm and 525 nm. A light beam impinges the
sample orthogonally to the grating plan. The polarization is
along the long axis of the nanorods (Fig. 2). Figure 3 summarizes
the spectral response of the passive nanostructures. Figure 3(a)
shows the extinction spectra for the array with p = 300 nm.
It shows a resonance mode at 721 nm corresponding to a LSP
mode, characterized by a very weak near-field coupling between
the proximal nanoparticle (the near-field extension of an individ-
ual nanoparticle is <p) and an absence of a matching with a
diffraction order. Figure 3(b) corresponding to p = 525 nm
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b

Fig. 2. Description of the unit cell in the plasmon-based laser.
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Fig. 3. Optical properties of the passive structures. (a) Calculated
extinction spectra for p = 300 nm. A localized plasmon resonance
mode is located at 4 =721 nm. (b) Calculated extinction spectra
for p = 525 nm. A surface plasmon resonance mode is located at
A = 810 nm, indicated by a narrower peak and a broader resonance
at A = 721 nm. (c), (d) Calculated near-field enhancement (c) at 1 =
721 nm with p = 300 nmand (d) at 4 = 810 nm with p = 525 nm
in a plane parallel to the substrate at 10 nm from the nanorod top
surface.
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shows spectra with two resonance modes. The lower energy
mode located at A = 810 nm features weak nonradiative losses
(narrower spectra) due to the strong coupling between a dif-
fracted wave and a plasmonic mode. The energy in that case
is captured in the form of electronic oscillations (plasmon) rather
than photons diffracted in the far field. It corresponds to a SLP
mode. The higher energy mode, located at 4 = 720 nm, shows
a poor quality factor and corresponds roughly to the the LSP
mode of an isolated nanoparticle. Figures 3(c) and 3(d) show
P2

the near-field enhancement ( ) map at the resonance wave-

0

length. As predicted previously [19,45], the enhancement field
in the case of the SLP mode is stronger than in the case of the
LSP mode.

4. FAR-FIELD CHARACTERISTIC OF THE
LASING

Now, the nanoarray is embedded in a dielectric host containing
a gain molecule with emission properties detailed below. The
thickness of the active layer is fixed to 200 nm. We carried out a
series of numerical experiments in which the emission wave-
length of the gain molecule is set to 4, = 720 nm and the ab-
sorption wavelength 1, = 600 nm. Each of those transitions
has a spectral bandwidth A4, = A1, = 100 nm. The decay
rates are depicted in the legend of Fig. 1. We also chose a rea-
sonable value of the volumic concentration of the gain mol-
ecule Cy = 25 % 10** molecule - m™ =~ 40 pmol - mL™".

In order to elucidate the feedback mechanism in the lasing
process, emission spectra were calculated for two different dis-
tributions of the gain molecule in the active layer. The first dis-
tribution denoted D corresponds to a strictly homogeneous
spatial distribution of the molecules. In the second distribution
(noted D'), we assume that the closest molecule to the nano-
particle (NP) is situated at a distance 4 = 25 nm. There is no
gain molecule at a distance lower than 25 nm. By doing so, we
can investigate the contribution of gain molecules that are very
close to the NP to the lasing emission. Finally, to allow a quan-
titative comparison between lasing intensity in different geom-
etries and concentrations, the emission intensity is normalized
by the emission obtained for the array with p = 300 nm and
Cy at the maximum pump fluence used (3.6 mJ - cm™2). This
normalization is the same normalization used through the pa-
per. Figure 4 summarizes the far-field emission observed for
each array as the gain molecules are assumed initally to be
at the ground state. Figures 4(a) and 4(b) present the calculated
emission spectra above the threshold for » = 300 nm and
p = 525 nm, respectively. The former shows a lasing peak
at A = 732 nm and the latter at A = 810 nm, which corre-
spond to the LSP and the SLP mode, respectively.

The existence of a laser threshold is presented in Figs. 4(c)
and 4(d), where we plot the calculated emission intensity as a
function of the pumping energy in each case of the distribu-
tions of gain molecules D and D'. Several points of information
come out from the plot: first, the emission intensity when las-
ing in the SLP mode is 2 orders of magnitude higher than the
lasing in LSP mode. Second, despite a greater overlap between
the emission of the gain molecule spectrum (4, = 720 nm)
with the LSP mode than the SLP mode, the threshold of lasing
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Fig. 4. (a) Emission spectra for a laser that has a lattice spacing of
300 nm. A peak at A = 732 nm associated with LSP mode is observed,
with a narrow bandwidth (A4 = 8 nm). (b) Emission spectra for a
laser that has a lattice spacing of 525 nm. A peak at 4 = 810 nm as-
sociated with the LSP mode is observed with a very narrow bandwidth
Al =4 nm. (c) Emission calculated at the lasing peak for p =
300 nm as a function of pumping energy. Emission shows a clear
threshold when gain molecules are located close to the NP. The black
dashed line represents the emission when gain molecules are located at
25 nm away from the NP surface (D’), making lasing impossible.
(d) Threshold dependence at A = 810 nm (p = 525 nm). Inset, cal-
culated emission with D" showing the threshold characteristic with
weak emission intensity compared to D.

is approximately the same. It suggests then that the threshold
for lasing in SLP mode is lower than lasing in LSP mode. Third,
the lasing in the LSP and SLP relies on different modes for
feedback, although the near-field distributions in the both pas-
sive structures are similar (Fig. 2). Indeed, when there is no gain
molecule at the very close vicinity of the gold surface (D’ as the
distribution of gain molecule), the emission was impossible in
the case of the LSP mode but could be obtained in the case of
the SLP mode. The emission intensity in the case of distribu-
tion D’ and SLP mode is an order of magnitude higher than in
the case of distribution D and a LSP mode.

In the last part of this section, the emission for different con-
centrations of the gain material is investigated. We limit our
study to the pumping fluence comprised between 0 and
3.6 mJ - cm™2. Figure 5(a) represents a plot of the emission
as a function of the input for different concentrations ranging
from [% - Cy] for a period p = 300 nm (system lasing in LSP
mode), and since we observe that the lasing effect is impossible
for a concentration less than %, the increase of C up to 2C)
leads to a significant increase of the threshold of lasing without
any significant increase of the emission in the far field. This is
attributed to the high absorption of the active layer for high
concentration of the gain molecule, which reduces significantly
the gain (p, - p;) close to the NP. Indeed, the incident field
that propagates through the active layer is attenuated before
reaching the NP. For a system lasing in SLP mode
(p =525 nm), a dramatic different behavior is observed.
Indeed in Fig. 5(c), the lasing effect is possible for a very wide
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Fig. 5. Dependence of the far-field lasing emission on the concen-
tration of the gain molecule. (a) Lasing in the LSP mode. Inset, emis-
sion with C/5 showing that lasing is impossible. (b) Shift of the LSP
lasing wavelength for different concentrations. (c) Lasing in the SLP
mode for different concentrations. (d) Shift of the SLP lasing wave-
length for different concentrations.

range of concentration, even for very weak concentration (L),
However, the emission intensity in the far field is strongly de-
pendent on C. For example, the emission intensity increases
from 1 to 120 when the concentration goes from % to Cy.
Note that the emission intensity in the case of the SLP mode
using % is equal to the emission intensity in the LSP mode
using the concentration C).

We explain our results by the fact that the lasing mechanism
in the LSP and SLP modes are dramatically different from each
other. Lasing in the LSP mode relies only on the plasmonic
localized mode for feedback, and thus the gain molecules con-
tributing to the lasing are localized in a very small volume close
to the NP. In that case, a high density of molecules in this vol-
ume is required. On the other hand, lasing in the SLP mode
relies on the geometry (periodic arrangement) and on the plas-
monic mode. Thus, all the molecules in the active layer con-
tribute to the lasing, and energy transfer here is mediated by
in-plane diffracted waves.

In Figs. 5(b) and 5(d), we calculate the emission above the
threshold for different C, and we observe that the laser wave-
length is redshifted when increasing the concentration C. We
attribute this redshift to the increase of the effective refractive
index in the active layer with the fluorophore concentration.

To conclude this section, we have demonstrated that using a
high concentration of gain molecules, lasing in the SLP mode
will generate an emission intensity in the far field that is 2
orders of magnitude higher than lasing in the LSP mode.
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We demonstrated also that an increase of the concentration
of the fluorophore may result in an increase of the lasing thresh-
old and a redshift of the lasing emission wavelength. Finally, we
demonstrated that lasing in the LSP mode using a weak con-
centration of gain (less than 10 pmol - mL™") is impossible.

5. NEAR-FIELD CHARACTERISTICS

In this section, we compare the near-field intensity in the two
arrays of nanoparticles at a pump fluence above the threshold.
For this goal, we calculate |E/E|* with E, the total field cal-
culated in the active system, and E|; is the incident field. For the
two arrays of nanoparticles, £ is a pump pulse with a temporal
bandwidth equal to 150 fs and centered at the absorption wave-
length of the gain molecule (600 nm). In Figs. 6(a) and 6(b),
we plot the enhancement (|£/E|?) spectra calculated close to
the NP for an intensity of a pumping intensity above the
threshold (equal to 3.6 m] - cm™2). We observe that in each
case, the near field in the active structure presents a resonant
wavelength that is very close to the emission wavelength in the
far field. The emission of photons observed in the far field is
associated at nanoscale with an intense localized near field.

When comparing Figs. 6(a) and 6(b), we note that the en-
hancement is 4 orders of magnitude higher in the case of the
SLP mode than the LSP modes, showing again that lasing
in the SLP mode has better quality and characteristics. In
Figs. 6(c) and 6(b), we compare the field distribution above
the threshold for the LSP and SLP modes. For the LSP mode,
the field is more localized around the NP edge. In the SLP
mode case, the near field extends far to the NP edge. An en-
hancement of 107 is observed very close to the NP. A signifi-
cant enhancement of 10° located 200 nm away from the NP
edge is observed. Also for each structure, the enhancement
achieved is several orders of magnitude higher than the
corresponding passive structure.

To conclude this section, we have made the first demonstra-
tion here, to the best of our knowledge, that the local electric
fields within the active nanostructure can achieve strengths that
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are orders of magnitude higher than those of the corresponding
passive structure. The enhancement achieved when lasing in
SLP mode is 3—4 orders of magnitude higher than lasing in
LSP mode. Moreover, the near-field enhancement at the SLP
mode extends even away from the nanoparticle, which could be
extremely useful for sensing applications as the sensing volume
increases significantly.

More generally, we have made here the first demonstration,
to the best of our knowledge, of the near-field enhancement
associated with lasing emission in an active structure, sug-
gesting that hybridizing plasmonic nanoparticles with mole-
cules exhibiting gain could be a very powerful tool to generate
an intense near field at nanoscale. This will be of a great interest
for enhancing a weak Raman signal and developing a novel class
of sensors.

6. CONCLUSION

We have presented in this paper, to the best of our knowledge,
the first quantitative and qualitative comparison of lasing action
in LSP and SLP modes in an array of gold nanorods covered by
a dielectric material doped with gain molecules. Our results re-
veal that lasing in the SLP mode presents three distinct advan-
tages: a higher emission intensity in the far field associated with
an intense near-field enhancement, a lower threshold, and
lower concentration of gain molecule requirement. However,
the design and fabrication of a plasmon-based laser when using
SLP resonances are more challenging due to the necessary re-
lationship between the diffractive order and LSP resonance
wavelength. More generally, our results demonstrate the poten-
tial of the plasmon laser for the generation of ultraintense local
field at nanoscale. They could be of great importance for fur-
ther development of novel light-emitting structures based on
active plasmonic crystals.

Funding. Conseil Régional de Bretagne; Institut Francais
de Recherche pour I'Exploitation de la Mer (IFREMER),
Direction Scientifique.
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