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ABSTRACT: Lasing action in strongly coupled plasmonic
nanocavity arrays was investigated both theoretically and
experimentally. This phenomenon was generated by coupling a
gain medium with a surface lattice plasmon resonance mode. In
this paper, the near-field properties of this laser are investigated
theoretically. It is showed that the lasing action is associated with a
strong near-field enhancement at the emission wavelength that can
be 4 orders of magnitude higher than what could be generated by
the same nanostructure without the gain medium. The field
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enhancement depends non-linearly on the pumping energy. Finally, the enhancement mechanism in such an active system is
assumed to rely mainly on energy transfer at the nanoscale from molecules composing the gain medium to the plasmonic mode.

1. INTRODUCTION

Plasmons are resonant collective oscillations of the conduction
electrons confined in nanoscale volumes at the interface
between a metal (usually noble metal) and dielectric
mediums." They have been the focus of extensive research in
the past decades.””® Their fundamental property is that they
can beat the diffraction limit. Light is then concentrated in a
volume much smaller than the wavelength, leading to a strong
enhancement of the electromagnetic field. Recent studies
showed that the interaction of a gain medium with plasmons
can yield to the lasing effect.” ' This nanoscale phenomenon
can occur when the quantum emitters—composing the gain
medium—Tlocated at the vicinity of metallic nanostructures
undergo an inversion of population that couples to a plasmon
mode. In the near-field region, the lasing effect leads to energy
transfer, amplification of both spontaneous and stimulated
emission, and ultra-fast dynamics. In the far-field region, it
yields to a coherent emission of photons with a narrow
linewidth (few nanometers). This only occurs when the
pumping energy goes beyond a threshold."' ™" According to
the literature, two different classes of plasmon-based lasers
have been reported. They are distinguished from the nature of
the quantum emitters integrated into the so-called gain
medium. The first class uses semiconductors,”’~>* while the
second one uses fluorescent molecules.'"'*'%*73* Different
geometries have been reported, such as silver film,*° gold
film,>* nanowire,”* nanohole array,”® bowtie array,” and
nanocylinder array.’****

In this paper, we investigate the lasing action in a periodic
array of metallic nanoparticles embedded in a molecular gain
medium under optical pumping, which will be referred to us
hereafter as the active structure. The use of such a system as a
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plasmon-based laser has been demonstrated both theoretically
and experimentally by the groups of Odom and Schatz.*’
Experimentally, the far-field properties of the lasing system
were demonstrated; more precisely, the spatial coherence
(directional beam emission) and picosecond dynamics of
relaxation were shown. The role of the surface lattice plasmon
mode providing the necessary feedback was also shown.
Theoretically, the model developed was based on a semi-
quantum electromagnetic approach. The simulations dealt only
with the active optical responses in the far field and the
calculation of the gain. The current work completes those
studies by focusing on the near-field properties resulting from
the lasing action. First, we raise the problem and the difficulty
of defining the enhancement in the active system as the
resonance in such a system tune away from the incident field
wavelength (which is with a very narrow spectral bandwidth).
Then, the near-field enhancement below and above the
threshold is investigated. They are both compared with the
near-field generated by the nanostructure without the gain
medium, which will be called the passive structure hereafter.
Note that such a comparison cannot be predicted due to the
intrinsic feedback between the nanoparticles and molecule
within the gain. Indeed, in the active system, the optical
properties depend strongly on the pumping energy as well as
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on the coupling strength between molecules in the gain and
the plasmonic field. Finally, in this paper, we discuss the
mechanism behind that enhancement by investigating the
dynamic of the stimulated emission process. Such a theoretical
advancement would further move towards the understanding
and application of the near-field properties in a plasmon-based
laser. Those properties could lead to a new type of surface-
emitting laser able to generate a highly confined electric field.

2. METHODS

2.1. Description of the Active and the Passive
Structures. The system of interest was reported recently in
refs 30, 32. The active structure is composed of a two-
dimensional (2D) array of gold nanocylinders (NC) deposited
on a glass substrate and covered by a gain layer made up by IR-
140 dye molecules embedded in polyurethane (Figure 1). The
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T

Figure 1. Scheme of the periodic nanocavity array laser.

diameter of the NC is d = 130 nm, the height 4 = 60 nm, and
the 2D-array periodicity p, = p, = 600 nm. The dye molecules
absorb at 4, = 800 nm and emit at 4, = 870 nm. The
concentration of IR-140 in the polyurethane layer was 2 X 10'®
cm®. The system is optically pumped by an 800 nm
femtosecond-pulsed laser Ey(t) at normal incidence. For such
a plasmon-based nanolaser, a directional beam emission
associated with plasmon excitation and energy transfer were
demonstrated in ref 30.

The passive structure is the same as the active one except
that there is no dye molecule in the polymer layer. Their
properties are calculated by finite-difference time-domain
(FDTD) calculation.

2.2. Semi-Quantum Approach for Lasing Modeling.
The lasing system is composed by molecules, metallic
nanoparticles, and an electromagnetic source. The electro-
magnetic fields of such a system can be simulated with the
semi-quantum approach presented in previous studies.”***"
We expose briefly this approach hereafter. Molecules will be
described by quantum mechanics and considered as a four-
energy-level system (Figure 2). The electromagnetic source
and the metallic nanoparticle with its dispersive properties are
described classically by Maxwell equations.

Figure 2. Schematic representation of transitions of the molecule as a
four-energy-level system. Single (double) arrows are for spontaneous
transition (stimulated). W, and W, describe the simulated absorption
and the simulated emission rates, expressed in molecule per m® per
second. Single continuous (dashed) arrows are for slow (fast)
spontaneous transitions.
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When an electromagnetic source at optical frequencies
irradiates a set of molecules assumed initially at the ground
state 10 >, a displacement of the electron cloud is induced,
which leads to microscopic molecular polarization and a
change of the population density of the quantum states. The
molecular polarization generates a current source that modifies
the total electromagnetic field in the system.

To describe this interaction between the molecules and
electromagnetic fields, a set of nonlinear coupled partial
differential equations was proposed.”**™* In this work, we
briefly review those equations for consistency purposes. Details
about numerical implementation can be found in ref S. First,
the dynamic of the density of each quantum state is described
using the rate equation model. Each population density is
governed by absorption and emission rates. For a molecule
considered as a four-energy-level system (see Figure 2), the
time evolution of population densities are described by the
following equations:

() py(t)
) = vy 5Bl w,
T10 T30
t t
P'1=p2()— pl()_We
1 Tio
p(t)  py(8)
pz =57 _ 27, w,
(&5} 1
p(t)  py(b)
py == = 2+ W,
%) T30 (1)
where
1 -, dB(t
l/Va — E(t) 30( )
hwsy, dt
1 -, dB(t
M/e — E(l’) 21( )
hw,, dt 2)
The terms %% and F%1 4re the dlassical expressions for

stimulated energy transfer between an electromagnetic wave
and the molecule. W, and W, describe respectively the
stimulated absorption process and stimulated emission process.
Both are expressed in molecule per m* per second. Note that
W, and W, depend on the total electric field E(f) in the system
including the nanoparticle.

The time evolution of population density p; is governed also
by a spontaneous emission process with 1/7;; is the
spontaneous decay rate (expressed in s™').

In the set of eqs 1 and 2 above, we have neglected the
polarization resulting from transitions from state I3 > to 12 >
and from state |1 > to |0 >, presented by a green dashed line in
Figure 2, as they are considered very fast with a low energy.

Second, the polarization P i resulting from each optically
pumped transition will be calculated by solving the following
equation: 37

dzp:’l(t) dBJ 23
— T Aw,— + o, P =
dt T dt Y

&0, DE®) (3)

Hence, we have a system of two equations: the first one for
the couple (i = 3, j = 0) and the second one for the couple (i =
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Figure 3. Optical properties of the passive structure. (a) Transmission spectra featuring a narrow lattice plasmon resonance at 4, = 905 nm and a
broad resonance at 4 = 720 nm. (b) Enhancement factor F, at 4, = 905 nm.

2,j =1). Where A, ; is the bandwidth of the transition of
interest, k; ; = 671€,CT; ]-/a)%j and p,-‘]-(t) = pj(t) — pi(t) are the
population density difference between the upper and lower
states.
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Maxwell equations to take into account the modification of the
total field due to the change of the densities p(t) and P:

Finally, the current source | =

V x E(t) = —p, alzit)
_ . OE(t) | -
V X H(t) = s—at +] @

The above set of coupled equations (eqs 1—4) is self-
consistent and describes both the linear and nonlinear regimes.

For the numerical simulation, we assumed that the
spontaneous decay rate are 7,, = 7T3p = 1 ns and 73, = 7} =
10 fs. The spectral bandwidth of the absorption (transition: 3-
1) and emission (transition: 2-1) are A, = AA, = 70 nm. The
absorption wavelength is 4, = 800 nm, and the emission
wavelength is 4, = 870 nm.

2.3. FDTD Simulations of the Active Structure. A time-
stepping algorithm is developed to solve eqs 1—4 in three-
dimensional FDTD (finite-difference time-domain) code. The
computational volume is truncated in the z direction using the
convolutional perfectly matched layer technique.”’ In the x and
y directions, periodic boundary conditions are implemented.
The stability and convergence criteria are similar to the
traditional FDTD algorithm.” To introduce the source on the
computational volume, the total-field/scattered-field formula-
tion was used. The mesh discretization is Ax = Ay = Az =§
nm. The courant stability factor is C; = 0.9.

The glass substrate and polymer refractive indices are both
taken to be equal to 1.5. The gold permittivity is described
using the Drude—Lorentz model."’

3. RESULTS AND DISCUSSION

Figure 3 shows the properties of the passive structure. The
transmission spectra (Figure 3a) presents a broad peak and a
narrow peak at 720 nm and A, = 905 nm, respectively. The
former corresponds to the resonance of an isolated nano-
particle, while the latter to a band-edge lattice plasmon
mode™™* (surface lattice plasmon resonance, SLPR). Figure

751

3b shows the enhancement factor F,(4,) for the passive
structure defined by

2

E(4,)
Ey(4,) ()

where E(4,) is the total field and Ey(,) is the field without
nanoparticle at the wavelength A..

F,(4,) is calculated in the x—y plane parallel to the substrate
at a distance of 10 nm from the nanoparticle top face at the
resonance wavelength. Figure 3b shows a strong optical field
concentrated on the edges of the individual gold nanoparticles.
The surface plasmon resonance generates a near-field enhance-
ment of about 200 at A, = 905 nm. For the calculation of
F,(4,), the incident source E, is a pulse centered at an arbitrary
frequency with a very large spectral bandwidth and assumed to
be spatially homogeneous. The polarization is parallel to the x
axis. The spectrum of the incident source for the passive
structure is represented by a blue dashed line in Figure 4. We
also plot the incident source for the active structure for
comparison purposes.

E(4,) =

Tr e

__________________ ___Incident source
08 Pas.sive
Incident source
Active
0.6
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Figure 4. Incident source conditions in the frequency domain: The
active structure is excited by a very narrow pulse centered at A = 800
nm. The passive structure is excited by a very broad pulse. The
vertical dark dashed line indicates the surface lattice plasmon
resonance.

3.1. Near-Field Enhancement in the Active Structure.
Now, let us focus on the optical response of the active system
where the dye molecules are considered in the fundamental
state at t = 0 (fluctuations are neglected). An incident light
pulse centered at 4, = 800 nm pumps the system (Figure 4).
The output field (emission) of the whole system is calculated
far from the nanoparticle at an off-angle. The far-field spectrum

https://dx.doi.org/10.1021/acs.jpcc.0c08669
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is shown in Figure 5. The lasing action produces a narrow
emission peak of 3 nm bandwidth at 4. = 905 nm. The inset of
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Figure 5. Far-field spectrum of the active structure pumped by a 1.5
m_]-cm_z. Inset: Output (the emission) vs input energy (the

pumping).

Figure S presents the output vs input energy (pumping
energy). The emission occurs for a pump energy above the
threshold and is estimated to be 0.5 mJ-cm™ in this case.”
Those far-field properties were demonstrated experimentally
in refs 30 and 32. We pursue here those studies by focusing on
the near-field properties. For that, we will be providing a new
definition to the enhancement that will provide a comparison
between a passive and an active structure. Then, we will
suggest what kind of mechanism is behind the enhancement.
One should note that the near-field enhancement in the active
system depends strongly on a variety of quantum and classical
parameters. Indeed, and unlike the passive structure, the
optical response of an active structure in the near-field region
depends strongly on the pumping energy as the pumping
energy will modify the molecular polarization and the
population density of each molecular state. This will modify
the total field present in the system and thus can result in new
optical and plasmonic properties. In other words, the near field
in the active system will depend strongly on the gain
(inversion) close to the nanoparticles, on the losses in the
metal structure, and on the coupling strength between the
molecule and plasmon. In addition, the coupling strength itself
depends on a variety of parameters among them: the emission
cross section of the dye molecule, the amount of gain achieved

close to the plasmonic structure, the overlap between the
plasmonic resonance wavelength and the emission of the
molecule, the ratio of spontaneous emission versus stimulated
emission, etc. All those parameters make the near-field
enhancement unpredictable. Investigating these parameters is
of great importance both from the fundamental and applied
sides.

Now, let us focus on the calculation of the near-field
enhancement associated with the demonstrated far-field
emission. In Figure 6, we calculate the enhancement factor
as a function of the pumping energy at the vicinity of the
nanoparticle. The enhancement factor for the active structure

E(A;)
(EG) = |22
semilogarithmic scale for different pumping energies and is
shown in Figure 6a. For very weak pumping energies, there is
no significant enhancement compared to the passive structure
whose enhancement Fp(lr) is represented by a green
horizontal dashed line. The enhancement grows rapidly and
nonlinearly with a pumping energy reaching 10° at the
threshold. Then, it still increases but more slowly to 10° at a
pumping energy of 1.2 mJ-cm™2 This result shows that the
enhancement factor strongly depends on the incident pumping
energy. The maximum of the near-field enhancement is
reached above the threshold. However, even below the
threshold, the coupling between the quantum emitters of the
gain material and the plasmon mode enhances strongly the
near field. The field map above the threshold at 4, = 905 nm is
plotted in Figure 6b. The highest enhancement is observed
close to the NC, but a significant enhancement is achieved also
in locations far from the nanoparticle. For example, an
enhancement up to 30,000 is reached at more than 150 nm
away from the nanoparticle edge along the x axis.

Note that, for the calculation of F,(A,), the incident source
E, (Figure 4) is a pulse with a very narrow spectral bandwidth
(few nanometers) and centered at the frequency of the
absorption transition of the gain molecule (800 nm). In the
section below, we will be further comparing the enhancement
factor in both active and passive structures.

3.2. Mechanism of the Near-Field Enhancement in an
Active System. Near-field enhancement is one of the most
remarkable phenomena associated with plasmons. For a
passive structure, the incident light at the resonance frequency
of the nanostructure interacts strongly with the free electrons
of the conduction band of the metal generating a quasi-particle
called plasmon polariton. This electron-photon duality
strengthens significantly the local electric fields within the

2
) was calculated at A, = 905 nm in the
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Figure 6. Optical properties of the active structure at the nanoscale. (a) Enhancement factor F, as the function of the pump energy. (b) Field map

above the threshold of lasing in the logarithmic scale.
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metal nanostructures. For instance, the passive structure
studied here enhances the local field 200 times with respect
to the incident field (see Figure 3b). In the case of the active
structure, the incident light is assumed to interact poorly with
the nanoparticle as the incident light (i.e, the pump pulse)
tunes away from the resonance of the passive structure. Indeed,
the incident light in the active system is centered at 4, & 800
nm, which is the absorption wavelength of the dye molecule. In
Figure 7, we superimpose the incident field, the absorption,

! R
H & FE T el Abs. Dye
R Emission Dye
i v 1 Incident
08 Py 4 Pumping Field
[ R A
| T
0.6 i H
1
5 i
- - i
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Figure 7. Schematic description of spectral overlaps between the
pumping incident field, the absorption, and the emission of the dye.

and the emission spectra of the dye. We observe that there is
no significant component of the incident pulse at the
resonance frequency of the nanostructure. Thus, the direct
interaction between the incident light (pumping) and
nanoparticle could be assumed to be very weak and could
not be responsible of the observed enhancement.

One could conclude that the enhancement mechanism of
the local field in the active structure is rather assumed to
originate from the strong coupling between the molecular
polarization state P,; (emission transition) and the total field in
the system. Strong coupling means energy transfer between
molecules and the plasmonic structure that is possible only for
high pumping above the threshold. The energy delivered by
the gain (inversion) is captured by the nanoparticle leading to
an enhancement of the field present in the system. The energy
transfer from the population in state [2 > to state |1 > can be
calculated by eq 2 at an instant time t. We define S as being the
1 EdB,
Tdt

time-averaged quantity of W, = , SO

hw,,

S= %Z?:l W,(t) with ¢, = i - At (At is the temporal
discretization) and n - At is the propagation time of the
incident pulse. We find that, in all locations around,
nanoparticle S has negative values, meaning that the
population of the upper state 2 is decreasing by a stimulated
process according to eq 1. S depends on the spatial coordinates
and is proportional to the time-averaged population density of
the quantum state 12 > (p,)that relaxes to state |1 > through a
stimulated emission process. The unit of S is molecule per m*
per second (molecule/m®s). We could write S as

Z:lz 1 pz (ti)

S=— stim
=y n (6)
where yfcfi;,“ will represent the stimulated emission rate

expressed in s~
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Calculation of y:i»

%y is presented in Figure 8 in a plane parallel
to the substrate and at a distance of 10 nm from the
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Figure 8. Stimulated emission rate y*™ calculated in a plane (x—y)
separated by 10 nm from the nanoparticle top surface above the
threshold of lasing.

nanoparticle top surface. We retrieve the picosecond dynamics
for the stimulated emission rate }/;fi;“ as demonstrated
experimentally in ref 32. Especially, at locations very close to
the nanoparticle, yff’i’y" is higher, suggesting that the energy
flows from the gain molecule to the nanoparticle. Most
importantly, the spatial distribution of 3} matches very well
with the field enhancement map represented in Figure 6b,
demonstrating again that the enhancement factor calculated in
Figure 6 is indeed associated with the stimulated emission
process and energy transfer at the nanoscale.

3.3. Further Comparison between the Near-Field
Intensity in the Passive and Active Structures. The near-
field enhancements at A, of the active and the passive structure
were compared on the basis of the usual enhancement factor
considering the ratio of the near field at the same wavelength.
However, as mentioned previously, in the case of an active

structure, the incident field has no significant component at A..

does not

Ey

The calculation of F, at 4, = 905 nm using F, =

fully describe the system. For a better comparison between
passive and active structures, we decided to compare the near-
field intensity of the active (IEI2(4,)) and the passive ( |E|§(ﬂr))
structures at 905 nm when excited by the same total fluence,
which means to consider all the incoming wavelengths. Indeed,
the active system is excited by a pump pulse centered at the
absorption wavelength of the dye (800 nm) with a very narrow
spectral bandwidth of few nanometers. The passive structure is
excited by a pulse with a much broader spectral bandwidth
(blue dashed line, see Figure 4). The power or fluence is

T
1 ) .
referred to us as: fluence = — /(; |E,(¢)*dt, with T being the

propagation time of the pulse (very long for the active
structure and short for the passive). In the context of FDTD
simulations, typically 2" temporal iterations are required for
the passive structure and 2'7 for the active one.

By exciting the passive and active structure such that both
receive the same fluence, we could have then a direct
comparison between the near field generated at the nanoscale
in each structure. Our goal is to determine which type of
structure (passive or active) generates the highest near field.
Such a comparison is not predictable; in fact, as stated before,
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Figure 9. Comparison between the near-field intensity in the active and passive structure. (a) Near-field intensity close to

different pumping energies, showing a nonlinear behavior for the active and a linear one for the passive (inset). (b) Map of
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passive structure, the active structure exhibits a much higher enhancement of the electromagnetic field close and far from the NC.

the narrow band illumination in the active system does not
interact directly with the plasmonic system. Instead, it is used
to pump efficiently the gain medium. However, pumping the
gain medium does not guarantee at all a resonant energy
transfer to the plasmon.

Figure 9a shows the field intensity in the frequency domain |
E(A,) for different pumping energies (fluence) calculated at a
location close to the nanoparticle. The near-field intensity of
the active structure increases linearly with the pump power
above the threshold. The inset of Figure 9a represents the field
intensity in the passive structure. As expected, the intensity
increases linearly with pump energy. The intensity reached at
the vicinity of the active structure is 4 orders of magnitude
higher than with a passive structure receiving the same incident
fluence. This demonstrates that, above the threshold, the near
field produced in the active structure is much higher compared
to the passive structure, suggesting that such an enhancement
is due to the coupling between the gain molecules and the
plasmon mode.

In the case of an active system where the incident pulse is at
the pump frequency, but the resonance is at the lattice plasmon
wavelength, it may be more relevant to express the enhance-
ment of the field with respect to a passive structure receiving
the same fluence rather than with respect to the incident field.

Pursuing the comparison between the passive and active
structure, Figure 9b compares the spatial distributions of the
near field in the active and the passive structure by mapping
IE(A,2)
E(2,)l}
to 1.8 mJ-cm™> Surprisingly, the near field in the active
structure is enhanced even at locations far from the NC as
compared to the passive one.

In conclusion, the coupling of a gain medium like dye
molecules (such as Rhodamine 6G) with plasmonic mode
could be a powerful tool to enhance the local field intensity.
The near field generated at the nanoscale in the active
structure is 4 orders of magnitude higher than the passive
structure. Most importantly, in the case of an SLPR mode, the
near-field enhancement in the active system is more
delocalized and extends to several hundreds of nanometers
away from the NC. This open very interesting prospects for

the ratio of

at a pump energy above the threshold fixed

754

sensing applications as the sensing volume, meaning the
volume in which we can detect the targeted molecule, is much
larger in the active structure than in the passive one.

4. CONCLUSIONS

This paper demonstrates theoretically that lasing action in a
strongly coupled nanoparticle cavity is associated with a high
near field that is 4 order of magnitude higher than in a passive
structure. Unlike the passive structure, the near-field enhance-
ment increases nonlinearly with the incident energy and
extends far beyond the near-field decay length of the individual
nanoparticle. We demonstrated that the enhancement of the
near field originated from the coupling of the plasmon mode to
the molecule through energy transfer at the nanoscale.

Strongly coupled nanocavities arrays sustaining a surface
lattice plasmon resonance mode and interacting with quantum
emitters may constitute a novel class of plasmonic devices
delivering an intense optical signal. The application of such a
device ranges from molecular or atomic fingerprinting gas
sensing, spectroscopic applications, to efficient photon
extraction for solid-state lightening.
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