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Plasmonic nanolaser based on a single oligomer
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Abstract: We investigate the effect of manipulating the laser quality factor and the spectral
properties of the gain medium on an oligomer-based plasmonic nanolaser. We develop different
designs of the oligomer resonators, decreasing the lasing threshold and increasing the mode
lifetime to improve the lasing efficiency. Based on the designs we are able to decrease the lasing
threshold by a factor of ten. We discuss and show numerically the influence of the oligomer
geometry, the lasing mode oscillation lifetime, and the photoluminescence peak linewidth of the
gain medium on the lasing efficiency of the oligomer based plasmonic nanolaser.
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1. Introduction

The localised surface plasmons (LSP) of metallic nanostructures have been intensively investigated
due to their unique potential to manipulate light at the nanometer scale [1,2]. The LSP of metallic
nanostructures are able to confine electromagnetic energy beyond the diffraction limit [2]. The
surface plasmons (SPs) also produce strong, localised electromagnetic fields (hot spots) that
enhance optical processes by many orders of magnitude [3]. Based on their lifetime and dipole
moment, plasmonic modes are divided into bright and dark [4,5]. Bright modes have a net
dipole moment. They are excited by far-field radiation (linear- or unpolarized light) and decay as
reemitted photons on a time scale of ~5 fs. The net dipole moment of dark plasmons vanishes.
They have longer lifetimes (~20 fs) because the emission of photons into the far field is strongly
reduced [6,7]. The selective excitation of a given eigenmode in a plasmonic oligomer would be a
powerful tool to manipulate the plasmon oscillation time, absorption and scattering, hot spot
position, frequency, and far-field electromagnetic radiation.

The unique properties of the LSP can be utilised to design lasers with nanoscale dimensions
[8,9]. A number of plasmonic nanolasers were reported recently based on different nanocavity
designs and gain media: lasers using a hybrid plasmonic waveguide consisted of a high-gain
cadmium sulphide semiconductor nanowire, separated from a silver surface by a 5-nm-thick
insulating gap [10]; plasmonic nanoarray laser based on split-ring resonators with curved
plasmonic nanowire pair subunits of different lengths [11]; a single mode lasing from an arrays
of plasmonic nanocavities in a homogeneous dielectric environment at room temperature [12];
tunable lattice plasmon lasing from an arrays of gold nanoparticles and liquid gain materials
[13]; a dark plasmonic mode laser based on an array of metallic nanorods in an optically pumped
organic dye gain medium [14]; a Nd** solid-state laser based on chains of metallic nanoparticles
[15]; a monolithically fabricated ZnO/Al plasmonic-waveguide nanolaser [16] and so on.

The properties of LSP can be applied to manipulate the quality factor of the nanolaser resonator,
increasing the lasing efficiency and decreasing the lasing threshold. Namely, the emitting
wavelength of such a nanolaser can be adjusted to the energy region of low bulk metal absorption
and a long lifetime mode can be chosen to increase the lasing efficiency. Moreover, the hot spots
create regions with higher pump intensity decreasing the lasing threshold [17]. Implementing
nano oligomers as a laser resonator decreases the size of the nanolaser (in comparison to nano
array nanolaser) and can potentially minimise many optical devices such as biosensors, solar
cells, and photodetectors [18,19]. Furthermore, plasmonic nanolasers also offer the ability to
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amplify weak physical and chemical light-matter interactions due to the tightly focused, enhanced
optical fields supported by SPs. Additionally, the oscillation of a particular lasing mode supports
a stimulated emission by a plasmonic nanolaser and can be used for the selective excitation of
specific LSP [20].

Conventional gain materials that can compensate for losses in plasmonic nanolasers are
inorganic semiconductors [21,10] and organic dye molecules [21]. Semiconductors exhibit high
non-radiative recombination rates, which reduces the optical gain at room temperature. The
room-temperature lasing operation could be achieved in nanowire-on-film systems by designing
the nanocavities to suppress radiative losses [10]. On the other side, organic dye molecules
have high quantum yields and can readily compensate metal loss and achieve lasing at room
temperature [21]. They can be incorporated in silica shells or in a polymer matrix surrounding
the plasmonic nanoparticles (NPs); however, a disadvantage is the photo-induced bleaching of
their fluorescence that can decrease their long-term stability under high pump intensities.

In this work we study the influence of the laser quality factor in the nano oligomer based
nanolaser. We consider various oligomer designs (2-18 gold nano discs) for the laser resonator,
which result in different lifetime of the lasing mode, to improve the lasing efficiency and decrease
the lasing threshold. We have shown that increasing the number of discs (geometry complexity)
of a nano oligomer affects the plasmon lifetime and raises the lasing efficiency. Due to the
presence of areas of increased electric field intensity (the hot spots) in the nano-oligomers, the
lasing threshold decreases as well. The spatial property of the output beams for such nanolasers
depends on the particular oligomer geometry and can be tailored. This opens a wide range of
possibilities for both laser beam shaping and laser beam engineering, to manipulate the spatial
and temporal properties of the output beam.

2. Method

We simulated the localised plasmon excitation and respective oligomer response with the
finite-difference time-domain (FDTD) method [22], using the commercial software package
Lumerical FDTD Solutions. The simulations were performed with the experimentally obtained
Johnson—Christy dielectric function of gold [22]. The incident Gaussian beam was simulated
with its amplitude, polarisation and spatial properties by an embedded scripting language in the
FDTD software. Additionally, we have used the boundary elements method [23] to obtain the
charge density image of the oligomer eigenmodes and their eigenvalues. This approach helped to
develop an oligomer design that provides an lasing mode oscillating at the photoluminescence
(PL) maximum of a given gain material.

We simulated the lasing dynamics with the FDTD computational model of a four-level
two-electron atomic system. Transitions between the energy levels are governed by coupled
rate equations and the Pauli Exclusion Principle [24]. In the model, the gain medium (IR-140
organic dye and Nd3*:YAG) is a four-level quantum system (see Fig. 1), the electromagnetic
field is modelled by classical electrodynamics [24]. An incident pump pulse excites the electron
population density from level O to level 3. The population density of the excited levels 3 and 1
decay fast and non-radiatively to level 2 and O respectively. In the case of the population inversion
between levels 2 and 1 we reach lasing emission. In the model all radiative transitions (21, 03,
see Fig. 1) can be considered as two coupled dipole oscillators. Levels O and 3 are coupled by
dipole P3g and levels 1 and 2 are coupled by dipole P;1; v39 and vy, are dephasing rates of dipole
P39 and dipole P,; respectively [24]. The equations that govern the dynamics of polarization
densities are given by:

a%p, s dP,
dr? Yo dt
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where 9, = 6rec®/ (w%l 3072130), Pa and Pb have the resonant frequencies w, and wy; fim, is
the energy difference between levels 1 and 2 and hwy, is the energy difference between levels O
and 3.

Fig. 1. Four-level two-electron model [25].

The population densities of the various levels of the gain medium are given by the coupled
rate equations [24]:
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Equations (1) and (2) are coupled to Maxwell-Ampere’s law given by [25]:

dE 1 dP, dPy ))
- n i

_(VXH_Nd(

at e o  dt ©)
where ¢ is the material permittivity, E and H are the electric and magnetic fields respectively.
Equations (1)—(3) provide us with a set of self-consistent equations, which are numerically solved
to calculate the time-resolved dynamics of the gain medium in response to optical pumping.

Based on the approach described in the Eq. (1)—(3), we simulated the lasing dynamic of the
plasmonic nanolasers using the full-field vectorial electromagnetic simulator implemented in
Lumerical FDTD Solutions.

To reach efficient lasing, the electric field distribution must spatially fit the selected pump
mode. The pump efficiency can be obtained from the maximum value of a fitting integral P; that
describes the coupling of the pump mode to the lasing mode [25,26]:

o _ M ari®E®
I, dr o’

where M i(7) is the electric field of the lasing eigenmode i, Ep (7) is the electric field of the pumping
mode. The integral must be taken over the gain volume V (outside the oligomer).

“
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Additionally, the spontaneous emission rate of an emitter is proportional to the local density of
optical states (LDOS) and can be enhanced in a cavity by the Purcell factor F ~ (Q/V,,)(1/n)?
in accordance with Fermi’s golden rule [27,28]; where V), - the mode volume, Q - the cavity
quality factor, A - the resonant wavelength and n - the refractive index. Increasing the LDOS
simultaneously increases the rate of spontaneous and stimulated emission processes during lasing
and improves the laser efficiency [29]. The mode volumes V, of the plasmonic nanolasers
cavities are ultrasmall and can increase the LDOS up to 10* times. To increase the Purcell factor
and LDOS, the quality factor of the plasmonic nanolaser (which is proportional to ... [30]) must
be maximised.

3. Oligomer modes

In this section we calculate the spectral and temporal properties of different oligomer geometries
without gain medium to understand the behaviour of the nanolaser cavities and oscillating surface
plasmons using the commercial software package Lumerical FDTD Solutions. We constructed a
dimer, quadrumer, hexamer, decamer and 18-mer of gold nanodiscs (diameter d = 100 nm, gap
size a =20 nm, height 4 =30nm) (see Fig. 2(a)). The dimensions of the structures were chosen
such that the size of the individual nanodisks is much smaller than the wavelength of the incident
light, but the overall dimension of the oligomer is a considerable fraction of the beam width
(wo=1 pm). In our analysis, we will focus on oligomer modes with energies <2 eV (> 620 nm)
because the modes with higher eigenenergies are damped by the interband transitions [31]. We
observe the oscillating modes around 880 nm, which corresponds to the PL maximum of IR-140
organic dye to increase the future lasing efficiency.
(a) (b)
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Fig. 2. (a) Geometry of the gold nanodisk oligomers (dimer, quadrumer, hexamer, decamer,
18-mer) considered in this work. (b) Schematic of the excitation of plasmonic modes in a
gold oligomer on a glass plate. (c) The comparison of the intensity oscillation in the middle
of the incoming Gaussian beam (A) and in the hot spot (B).

We investigated five different oligomer designs based on the gold nanodisc dimer as a basic
design component (see Fig. 1(a)). The refractive index of the surrounded space was selected to
fit the refractive index of the chosen gain material (IR-140 (ng = 1.55)). The gold oligomers were
placed on top of a glass plate. The oligomer diameters and gaps between the oligomers were
chosen to fit current parameters and limitations of Ga ion beam miing to produce the oligomer
from the gold flakes (around 20 nm) [32]. We see ten-fold increase of the intensity in the hot spots
(point B of Fig. 2(b)) in comparison to the incoming beam intensity at the maximum amplitude
point (point A of Fig. 2(b)), for the particular case of the oligomer discs and gap sizes (see
Fig. 2(c)). However, He ion beam milling provides gap sizes down to 3-5 nm that can increase
the hot spot intensity and decrease the lasing threshold respectively [32].

Based on the simulation, we see that the lifetime of the plasmon oscillations increases by a
factor of three from quadrumer to decamer (see Fig. 3(d-f)). This behaviour can be explained by
spectral intersections (mismatches) and the resulting constructive (destructive) interference of
plasmon resonances of the coupling parts of the complex oligomer. The result of this lifetime
increase is a spectral linewidth decrease of the oligomer absorption spectra (see Fig. 3(a)) as
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well as Fourier transform spectra of electric vector oscillation in the hot spot (see Fig. 3(b)). It
means that we can expect the respective nanolaser resonator quality factor to increase (~6(dimer),
~8(quadrumer), ~19(decamer)) [30] and, as a result, the growth of the lasing efficiency.
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Fig. 3. (a) Absorption cross section of different oligomers excited with linearly polarized
light and (b) Fourier spectrum of the field oscillations in the hot spots for different oligomers.
(c) The electric field profile in the frequency domain from Lumerical FDTD simulations
for the quadrumer, hexamer and decamer at 880nm (the arrows show the direction of
polarization of the excitation beam). (d-e) The electric field oscillation in a hot spot for
various oligomers.

4. Oligomer based plasmonic nanolaser

We designed and simulated plasmon lasers based on the oligomers described above (dimer,
quadrumer, hexamer, decamer, 18-mer) on top of a glass plate and surrounded by a gain
medium (organic dye) (see Fig. 4(c)). Based on the simulation, most of the modes, for such
gold oligomers, oscillate in the region above 1.24 eV (below 1000 nm). We choose one of the
organic dyes as the gain medium with a photoluminescence peak between 620-1000 nm to match
the plasmonic oscillations, namely IR-140 (5,5’-Dichloro-11-diphenylamino-3,3’-diethyl-10,12-
ethylenethiatricarbocyanine perchlorate) with an absorption peak around 820 nm (linewidth
around 100 nm) and a photoluminescence peak around 880 nm [33] (linewidth around 80 nm) in
a solution of the dimethyl sulfoxide (DMSO) with molar concentrations 0.25-1 mM.

We use one of the localised surface plasmons of the nano oligomer, excited by incoming pump
beam [34], to achieve a desirable population inversion between the ground and upper laser levels
in the area of the excited plasmon oscillation. This will provide the required gain to reach the
lasing condition of the selected mode, i.e. the total absorption and radiation losses during the
mode oscillation is less than the total gain [20]. At the same time, the oscillation frequency
of the oligomer lasing mode must fit the maximum of the PL spectrum of the gain medium to
reach maximum lasing efficiency. Additionally, we have to match the pump mode and the lasing
mode in the gain medium region (see Eq. (4)) to increase the pumping efficiency. In Fig. 3(c),
we see the Lumerical simulation of the near electric field distribution for the dark modes of the
quadrumer, hexamer and decamer, which must spatially match the pump beam (see Eq. (4)).
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Fig. 4. (a) The slope efficiencies and (b) the lasing thresholds for the oligomer based
plasmonic nano lasers. (c) The schematic of the plasmonic nanolaser and the pump beam.
(d-e) The electric field oscillation in the hot spot for the decamer plasmonic nanolaser and
the corresponding Fourier spectra.

Based on the investigation of the temporal and spectral behaviour of excited modes around
IR-140 PL maximum (see section above), we see that increasing the complexity of the oligomer
geometry (more gold discs combining the oligomer) increases the plasmon lifetime and narrows
the absorption and Fourier spectra of the excited plasmons. This leads to an increase of the
resonator quality factor [30] by a factor of three from the quadrumer to the decamer. Moreover,
to increase the lifetime and decrease the linewidth of the oscillating plasmon we can use the
oligomer modes with close to zero net dipole moment and longer lifetime (dark modes) as the
lasing modes (see Fig. 2(c)). Furthermore, implementing a gain medium with a narrow PL
linewidth improves lasing efficiency. The narrow linewidth, based on the uncertainty principle,
increases the lifetime of the excited electron (Aw ~ 1/1,;) on the lasing level 2 (see Fig. 1) and
can improve the lasing efficiency. Additionally, the use of a gain medium with a narrow PL
linewidth can increase the lasing efficiency due to a narrow stimulated photon dispersion, which
increases the probability of stimulated photons to be released [34].

In Fig. 4(d), (e) we see the electric vector oscillation and the corresponding Fourier spectra in
the hot spot below (e) and above (d) the lasing threshold of a decamer—based plasmonic nanolaser,
obtained by the FDTD (four-level two-electron) simulation. In the Fourier spectra, we see two
main peaks: 820 nm (pump) and 880 nm (lasing). We have used a 100 fs laser pulse (with spectral
peak around 820 nm and 9.8 nm spectral bandwidth) to pump the oligomer with a Gaussian
intensity distribution of 1 um beamwidth. A second 880 nm pulse develops after 1 ps of the
pump pulse. It represents the lasing mode oscillation (~180 fs) with ~5 nm spectral bandwidth.
The oligomer geometry and complexity determine the lasing threshold and lasing efficiency. The
lasing thresholds and slope efficiencies differ significantly for the various oligomer designs (see
Fig. 4(a), (b)). In the case of the longer lifetime lasing mode oscillation we were able to decrease
the lasing threshold significantly. For our specific case of the oligomer design (100 nm diameter
gold discs with 20 nm gaps), we have decreased the lasing threshold from the quadrumer to the
18-mer by a factor of ten, the respective SP lifetime tripled (see Fig. 4(b)). Additionally, we
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see that the slope efficiency improved considerably as well (see Fig. 4(a)). We observe a linear
behaviour of the slope efficiency in the simulation, however, including the thermal effect in the
simulation can lead to a non-linear behaviour of the slope efficiency curve.

One reason for the improved lasing efficiency is the increase of the resonator quality factor due
to the narrowing of the spectral linewidth (plasmon lifetime increase) of the oscillating lasing
plasmon, which leads to an increase in the Purcell factor and LDOS. Moreover, the increase of
the plasmon lifetime raises the probability of stimulated emission in the case of the plasmon
lifetime much shorter than the laser upper level lifetime (<100 fs versus 1 ns in our case, for
plasmon lifetime and IR-140 (DMSO) upper lasing level 2 lifetime respectively) (see Fig. 1) [33].
Finally, the increase of the lifetime of the excited pump plasmon increases the pumping time of
the gain medium, therefore increasing the probability of the ground level O electron (see Fig. 1)
to get excited.

An additional reason can be the number of hot spots and the intensity enhancement value in
these hot spots of oscillating pump plasmon for the different oligomer designs. The number of
gold discs composing the oligomer influences the number of hot spots appearing in the gaps
between neighbouring discs. Besides, increasing the oligomer spatial size increases the amount

() (c) o7

(b)
_ 086
hexamer dimer @

quadrumer

=3
o

2
'

pump beam
hexamer

1064 nm

o
w

LOC oy
Oligomer )( )\ r)\\

0.0

cross sections [um?

o
N

500 600 700 800 900 1000 1100

Nd:YAG ceramic wavelenght [nmi
(e% 00030
d
( ) 10FT T T T 1d 0.00025
pump . pump —
— 08} 0.8 quadrumer — — 0.00020
b= - hexamer — E
- = 0.6 g
g 0% o E 0.00015
s 04 5 — 6 discs(NdYAG)
o 04f lasing £ — 6 discs(IR-140)
S © 0.00010F 1
- — 18 discs (IR-140)
@ o02f 0.0
900 1000 1100 0.00005F
h
00k : ’
9 200 400 600 800 1000 1200 1400
0.00000 U - i &
time [fs] 0.0 0.05 0.10 0.15 0.20

input [mJ/cm?]

Fig. 5. (a) The schematic of the plasmonic nanolaser on Nd:YAG ceramic gain medium and
the pump beam. (b) The gold nanodisk oligomers for Nd: YAG nanolaser with respective
electric field profiles (A2g mode) at lasing wavelength. (c) The absorption cross section
of hexamer and quadrumer on top of a dielectric material with a refractive index similar
to Nd:YAG (n=1.8) excited by azimuthally polarised light [20]. (d) The electric field
oscillation in a hot spot for the Nd: YAG hexamer plasmonic nanolaser and the respective
Fourier spectra (quadrumer Fourier spectra obtained with a pump pulse of similar energy). (e)
Comparison of the slope efficiencies of hexamer based plasmonic nanolasers with Nd:YAG
and IR-140 gain materials.
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of the pump beam energy which is absorbed during the excitation of the pump plasmon, for the
case of the oligomer size smaller than the beam width of the pump beam.

4.1. Nd* :YAG gain

We simulated a plasmonic nanolaser based on the gold hexamer on top of a Nd:YAG ceramic slab
(see Fig. 5(a), (b)). The size of the hexamer discs diameter (150 nm) and geometry were adjusted
to receive the plasmon oscillation maximum at the emission peak of the Nd**:YAG (1064 nm)
(see Fig. 5(b)). Ay (azimuthal) dark mode [20] at 1064 nm was selected as the lasing mode (see
Fig. 5(b)). The pump beam at 808 nm is a linearly polarized Gaussian beam with wp=1 um
(beam width), T= 100 fs (pulse duration) and AL =9.6 nm (spectral linewidth). The gap between
the oligomers was the same as for the IR-140 case described above, namely 20 nm. The resulting
enhancement in the gap between the gold discs was close to IR-140. The main difference of
the solid-state gain material from IR-140 organic dye is the narrowed absorption (808 nm) and
emission (1064 nm) peaks, namely around 1-2 nm of linewidth only [35]. Compared to IR-140,
the Nd**:YAG gain medium shows a decrease of the lasing threshold (around 10 times) and an
improved slope efficiency (see Fig. 5(e)). Based on the simulation we see that the gain medium
with such a narrow emission spectra linewidth plays a key role in the lasing process, and we were
able to achieve the efficient lasing at such a low quality factor (~10) (see Fig. 5(d)). The emission
spectra linewidth narrowing increases the lifetime of the excited electron in the lasing level 2
(see Fig. 1) and decreases the frequency difference of the stimulated photon, which results in the
improvement of the lasing efficiency.

We see that, due to quite spectrally wide plasmon resonance in the nano oligomers (see
Fig. 5(¢c)) it is favourable to use the gain medium with narrow emission peak (as an example the
solid state gain material). In the case of the organic dye gain material, it is critically important to
narrow the lasing plasmon oscillation linewidth. One way to do this is to increase the amount of
nano discs composing the oligomer, which can significantly increase the plasmon laser efficiency
and decrease the lasing threshold.

5. Conclusion

We have investigated the influence of the laser quality factor and the emission property of the
gain medium in the oligomer based plasmonic nanolaser. We have shown that the oligomer
geometry and complexity influence the lasing threshold and the lasing efficiency dramatically.
The reason for such improvement of the lasing efficiency is the increase of the resonator quality
factor due to the narrowing of the spectral linewidth and the extension of the lasing plasmon
lifetime, which leads to an increase in the Purcell factor and LDOS. One of the ways of narrowing
the spectral linewidth can be to increase the number of nano discs composing the oligomer, it can
significantly increase the plasmon laser efficiency and decrease the lasing threshold. Additionally,
we have shown that it is significantly advantageous to use the gain medium with narrow emission
peak (as example solid state gain material) in the nano plasmonic lasers due to quite spectrally
wide plasmon resonances in the nano oligomers.
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