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Plasmonic lasers offer great potential for cutting-edge, disruptive applications. However, they suffer from
a high loss in metals, lack of spatial coherence in the near field, and divergent far-field emission. The
challenges are even more significant for a plasmonic laser emitting more than one wavelength mode.
The design complexity required for creating multiple modes often limits avenues for minimizing losses
and converging far-field emission patterns. This work exploits plasmonic resonances at the junction of
a merged lattice metal nanohole array (NHA) and a one-dimensional photonic crystal to achieve dual-
mode lasing. The merged lattice NHA is designed by concentrically combining two simple NHAs with
different periodicities to create pseudo randomness, leading to enhanced localization and confinement

of light in multiple wavelength modes. The proposed structure notably produces intense dual-mode
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Accepted 10th December 2021 lasing at an ultra-low threshold compared to recent state-of-the-art plasmonic laser demonstrations.
The wavelengths of the lasing modes and the separation between them can be tuned over a broad

DOI: 10.1039/d1na00402f range by changing the structural parameters. The proposed laser also creates a highly directional far-
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1 Introduction

Coherent light sources with sub-wavelength dimensions have
fundamental applications and applied significance. The
dimensional barriers in laser designs are often overcome by
employing the concept of plasmonics, confining light within
a sub-wavelength dimension by exciting surface plasmon
modes. Miniaturized plasmonic lasers are potential candidates
for applications in sensing and spectroscopy, efficient on-chip
optical interconnects, nanolithography, super-resolution
imaging, biomedical imaging, interconnection between
optical and microelectronic devices, and detection of nanoscale
biomolecules.”™* Coherent amplification of surface plasmons
in a plasmonic laser, first proposed in 2003, emulates the
coherent stimulated emission of photons in conventional
lasers. Since then, we have witnessed a plethora of research
activities on various topologies to design efficient, low
threshold, and highly directional plasmonic lasers.'*** Plas-
monic lasers are usually composed of an isolated nanostructure
or a periodic array of nanostructures. With the advancement of
nanophotonics, the demand for coherent light sources at the
nanoscale dimension has increased drastically. Therefore,
ample research opportunities lie in the design of such light
sources to meet specific needs.
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field pattern with a divergence angle of only <0.35°.

Lasers that emit multiple distinct wavelength modes are
essential for various applications, including sensing multiple
target substances simultaneously, distance measurements
using two-wavelength interferometry, terahertz difference
frequency generation, frequency mixing, frequency division
multiplexing, and wavelength division multiplexing in optical
circuits.>*? To date, multimode solid-state and semiconductor
lasers have been significantly explored.**>* Nonetheless, it is
a great challenge to operate these devices at room temperature
due to the temperature-sensitive gain of semiconductor lasers.
The increase in the non-radiative recombination rate at room
temperature severely reduces the optical gain of semiconductor
lasers. By contrast, research on multimode plasmonic lasers has
attracted attention only recently. The first multimode plas-
monic laser, reported by Wang et al. in 2017, exploited multiple
band-edge modes excited using a plasmonic superlattice.*® The
designed plasmonic superlattice consisted of periodic nano-
particles on periodic patches to obtain dual-mode lasing. Wang
et al. obtained an emission linewidth of <0.5 nm, a mode
separation of ~10 nm, and a divergence angle of <1° from
a centimeter-squared device area.

Recently, Pourjamal et al. obtained dual-mode lasing by
breaking the symmetry of a two-dimensional (2D) ferromag-
netic nickel plasmonic nanodisk array using different period-
icities along the x- and jy-directions.*” However, different
periodicities along the axes result in a destructive spatial
interference in the far field, thus increasing the divergence
angle and making the emission less coherent in the spatial
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domain than if periodicities along the axes are equal. Pourjamal
et al. demonstrated dual-mode lasing in the visible wavelength
range with an emission linewidth of <1 nm, a mode separation
of ~15 nm, and a divergence angle of ~5.7°. More recently,
Winkler et al. utilized a plasmonic nanoparticle lattice
embedded in a viscous quantum-dot film to exhibit dual-
wavelength lasing.*® They adopted two methods to produce
dual-mode lasing: firstly, using a rectangular silver (Ag) nano-
particle lattice; and secondly, using a thin quantum-dot film.*®
They obtained an emission linewidth of ~1 nm, a mode sepa-
ration of ~19 nm, and a divergence angle of 11.74° and 5.6°
along the x- and y-directions. These approaches for plasmonic
dual-mode lasing either result in a bulky laser structure due to
the two-fold symmetry®® or create a divergent far-field pattern
due to different periodicities in the x- and y-directions.*”?**
Furthermore, breaking the symmetry of the structure in the two
in-plane directions incurs additional losses by generating off-
normal spatial lasing modes. These structures have also
proved to be inherently lossy, thus requiring a high threshold of
pump energy.

This work proposes an alternative technique for dual-mode
emission from a plasmonic laser. The proposed plasmonic
laser comprises an organic gain medium with a distributed
Bragg reflector (DBR) as a one-dimensional (1D) photonic
crystal (PhC) on one side and a merged lattice metal nanohole
array (NHA) on the other side. While the merged lattice
configuration helps us achieve a directional dual-mode lasing,
the DBR lets us control the emission directionality and the
relative intensity of the lasing modes. The basic principle is to
intelligently utilize states formed by holes perforated in the
metal film to create the optical feedback necessary to support
dual-mode emission. The DBR acts as a filter to separate the
input pump frequency of the gain medium from lasing emis-
sion frequencies. Additionally, the optical Tamm state plas-
mons, also known as Tamm plasmons (TPs), excited at the
interface between the DBR and metal NHA and the structural
pseudo-randomness-mediated strong light confinement within
the laser cavity contribute to enhanced lasing emission. The
dual-mode lasing emissions are highly directional as the
proposed structure creates only the zeroth-order mode by
employing sub-wavelength hole dimensions and periodicity in
the metal NHA.

The proposed merged lattice metal NHA plasmonic laser
produces dual-mode lasing in the near-infrared region. The
required threshold pump energy is at least two orders of
magnitude smaller than that required by several state-of-the-art
demonstrations. The lasing modes have a divergence angle of
<0.35°, and a narrow linewidth of ~3 nm for the smaller
wavelength mode and ~1.5 nm for the longer wavelength mode.
The emission wavelengths can be tuned over a broad range of
~845-883 nm for the smaller wavelength lasing mode and
~860-886 nm for the longer wavelength lasing mode, and the
mode separation becomes as much as ~15 nm by changing the
structural parameters.

We organize the rest of the paper as follows: Sec. 2 presents
the proposed dual-mode plasmonic laser, including a discus-
sion on the design principles of the merged lattice metal NHA
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structure that produces dual-mode emission. Section 3
describes the simulation methodology used to calculate the
interactions between the incident pump pulse and the laser
structure, and the lasing dynamics of the proposed laser. In Sec.
4, we present and discuss results, including the transmission
spectra of the merged lattice gold (Au) NHA and passive optical
cavity; and the near- and far-field emission profiles. Finally, in
Sec. 5, we conclude on the findings.

2 Proposed merged lattice plasmonic
laser structure

The proposed merged lattice plasmonic laser structure is shown
in Fig. 1. At the core of the proposed plasmonic laser's optical
cavity, the gain medium consists of IR-140 dye molecules
embedded in a polyurethane (PU) matrix. The parameters of
this gain medium are tabulated in Table 1. The dye molecules
absorb the incident pump energy and offer gain to the radiative
lasing emission. On one side of the gain medium, opposite to
the optical pump, a 100 nm-thick Au film is perforated with
nanoholes. On the other side, there is a 1D PhC consisting of
alternating layers of TiO, and MgF,. Unless stated otherwise, we
assume that the proposed laser contains five pairs of TiO,-MgF,
layers.

In the metal layer, square hole arrays with two different
periodicities are superposed, as shown in Fig. 2. The square
holes have dimensions of 100 nm x 100 nm on the yz-plane. In
the densely placed square hole array, the hole periodicity (A,) is
250 nm, as shown in Fig. 2(a). On the other hand, in the sparsely
placed square hole array, the hole periodicity (A,) is 375 nm, as
shown in Fig. 2(b). In both NHAs, four corners have identical
square holes in the same places. These two short-scale period-
icities maintain a fixed ratio of r = A,/A; = 3/2. The value of r is
constrained by r = R/(R — 1), where R is the least integer
multiple of r.** Here, we choose R = 3 in the designed merged
lattice NHA. In our proposed structure, the two square hole
arrays with periodicities A; and A, are superposed keeping
them concentric so that the merged lattice becomes a square
lattice with a primitive unit cell periodicity of A = RA, in both
the y- and z-directions, as shown in Fig. 2(c). The holes at the
four corners of the merged lattice overlap from both the densely
and sparsely placed NHAs.

3 Simulation methodology

We have carried out time- and frequency-domain investigations
to study the proposed structure's lasing performance and
characterize its electromagnetic response. To compute the
electromagnetic dynamics involved in the lasing action and
obtain the required data, we have solved three-dimensional full-
field vectorial Maxwell's equations coupled with rate equations
using the finite-difference time-domain (FDTD) algorithm.
Time- and frequency-dependent electric and magnetic field data
have been used to calculate the proposed structure's response to
the incident pump pulse and analyze lasing performances both
in the near- and far-fields.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The 3D schematic diagram of the proposed laser. All components have been drawn to actual scale. (b) Schematic diagram of

a longitudinal section across the structure. TiO, layer thickness d; = 109 nm, MgF; layer thickness d, = 165 nm, terminating TiO, layer thickness
d; =200 nm, gain medium thickness dy = 325 nm, and Au NHA thickness t = 100 nm. In the merged lattice NHA structure, the two short-scale
periods are A; = 250 nm, A, = 375 nm. The primitive unit cell has a period of A = 750 nm. The square hole width is dj, = 100 nm for all the

nanoholes.

Table1l Parameter values of the four-level two-electron gain medium
model for IR-140 dye molecules

Parameter Value
Absorption wavelength (1¢3) 800 nm
Emission wavelength (1,,) 870 nm
Index of the PU material 1.51

Dye concentration 2 x10® em™?
Transition lifetimes

1ns

10 fs

T30 = T21
T32 = T10

The mathematical model of the gain medium used in this
work utilizes a four-level two-electron atomic system.**** In this
model, the dye molecules embedded in the host dielectric
material act as gain molecules with four discrete electron
energies for each of the two interacting electrons. The electron
dynamics are governed by the four-level system's coupled rate
equations and Pauli's exclusion principle.** The available
charge carriers are initially at the ground level. The incident
pump pulse excites the charge carriers from the ground level to
the third excited level. The excited charge carriers decay non-

j--u--u--

iA”--! -
bouow g ..

Ay

radiatively from level 3 to 2 and from level 1 to 0. The charge
carriers decay from level 2 to 1 mainly through radiative tran-
sitions. The non-radiative transition lifetimes between levels in
the four-level system are given in Table 1. The absorption and
emission wavelengths and the refractive index of the host PU
material for IR-140 dye molecules are also given in Table 1. We
use the refractive indices of TiO, and MgF, as 2.23 and 1.46,
respectively.

The proposed plasmonic laser structure, as schematically
shown in Fig. 1, is simulated while surrounded by an air
medium. The structure and the incident plane wave pump
beam are periodic in the y- and z-directions. Therefore, we
simulate only a unit cell in the y- and z-directions. As the
structure is symmetric along both axes, symmetric and anti-
symmetric boundary conditions are used in the y- and z-direc-
tions, respectively. In the direction of wave propagation, i.e., in
the x-direction, we use the perfectly matched layer boundary
conditions at the simulation boundaries. An 800 nm-
wavelength plane wave pump pulse propagating in the x-
direction acts as the energy source for this laser system. The
pump pulse has a duration of 40 fs, with the electric field
oscillating in the z-direction. The pump pulse is incident on the
gain medium from the far end, i.e., via the DBR. The lasing

b, S
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Fig. 2

(b)

(a) R unit cells of a simple NHA with a square lattice of period A; =250 nm, and (b) R — 1 unit cells of a simple NHA with a square lattice of

(c)

period A, = 375 nm. (c) One primitive unit cell of the merged lattice NHA with period A = 750 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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emission occurs in the x-direction through the merged lattice
metal NHA. The near-field time- and frequency-domain data are
recorded at a distance of 2.6 um from the outer surface of the
metal NHA layer in the x-direction, opposite to the pump input
side. We have used a non-uniform conformal meshing scheme
for the entire simulation region with a minimum mesh size of
0.25 nm. We have performed convergence tests to ensure the
validity of the mesh size and other simulation parameters used
in this work.

4 Results and discussion
4.1 Transmission spectra

4.1.1 Pseudo random periodic NHA. In our designed plas-
monic laser structure, the optical resonances occur primarily
due to the merged lattice NHA on an Au thin film. The resonant
modes arise from the excitation of plasmons, ie., surface
plasmon polaritons (SPPs) at the metal-gain medium interface
and localized surface plasmons (LSPs) at the metal nanoholes.*?
These plasmonic modes emerge as radiative modes through the
sub-wavelength nanoholes as extraordinary optical trans-
mission (EOT), enhancing the transmission spectra through the
metal NHA and producing a series of peaks and dips in the near-
and far-field transmission profiles.** The transmission coeffi-
cient (T) through a single sub-wavelength hole obeys T = (64/
271%)(d/220)*, where d is the hole diameter and J, is the incident
wavelength.**** However, a periodic arrangement of sub-
wavelength holes on a metal film results in an enhanced
transmission spectrum. A simple NHA produces a single-mode
output with the emission wavelength determined by individual
hole resonances. The dimensions and periodicity of nanoholes
determine the excitation resonances of plasmonic waves and
the degree of coupling between LSPs at neighbouring holes.***
Therefore, the emission spectrum depends on the dimensions
and periodicity of nanoholes in the array, and conceptually,
combining different unit cell periodicities should couple
multiple modes to result in multiple wavelength emissions. In
this work, this phenomenon is exploited with careful optimi-
zation in designing a plasmonic cavity that produces dual
transmission modes.

In Fig. 3, we show the transmission spectra through simple
NHAs with different periodicities and the designed merged
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lattice NHA. The periodicities of the simple NHAs are A; =
250 nm and A, = 375 nm, respectively, while the simple NHAs
are concentrically combined in the merged lattice NHA. The
simple NHAs produce a single dominant transmission peak, as
shown in Fig. 3(a) at 558 nm for A; = 250 nm and in Fig. 3(b) at
570 nm for A, = 375 nm. For A, = 375 nm, there is a weak and
overlapped second transmission peak at ~500 nm, as shown in
Fig. 3(b), which does not transform into a lasing mode as it is
not supported by the single-mode TP resonance, as will be
discussed in the following section. By contrast, the designed
merged lattice NHA results in not only an enhanced trans-
mission but also localization of light intensity in more than one
wavelength mode, dominantly at 555 and 605 nm, as shown in
Fig. 3(c). The merging of simple NHAs in the merged lattice
NHA causes a disruption or randomness of the periodic pattern
on the short spatial scale. This randomness results in many
scattering loops of light waves that cause a variety of light
localization states—a pseudo-randomness mediated light
localization phenomenon that lies between the complete
randomness of Anderson localization and the fixed orderliness
of a periodic system.****** We have exploited the naturally
occurring cavity resonances due to the pseudo-randomness
mediated mode localization in a merged lattice metal NHA
based optical cavity to design the proposed dual-mode plas-
monic laser.

The increased localization of waves directly results in a better
resonator design for the multimode laser as it provides the
necessary optical feedback in more than one mode for entrap-
ping light. The designed merged lattice NHA for this structure
incorporates better localization than a simple periodic system.
The hole arrangement in the merged lattice is pseudo-random,
as there is randomness on the short scale but a fixed periodicity
on the longer scale. In this work, the simple lattices have been
chosen such that they differ slightly in spatial resonances,
which coalesce together to form 2D spatial beats.** We show the
transmission spectra of the designed merged lattice NHA in
Fig. 3(c). The dual-mode lasing is sensitive to the hole dimen-
sions and periodicity of the metal NHA. Therefore, they must be
designed meticulously as the dual-mode lasing might cease to
exist if the cavity mode is not supported by the gain lineshape.
Also, our objective is to keep the lateral dimensions of the
primitive unit cell to a minimum.
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Fig. 3 Normalized transmission spectra of bare metal square NHAs with periodicities (a) 250 nm and (b) 375 nm. (c) Normalized transmission of
a bare metal merged lattice square NHA with periodicity 750 nm. The Au NHA schematic diagrams are shown in insets.
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To keep the surface plasmon modes close to the emission
peak of the gain medium, the ratio of the two short-scale
periods r was selected to be 3/2, making R = 3 and A =
750 nm. If R is an integer greater than 3, we get A >750 nm, as A
increases linearly with R when A, is a constant. We have kept R
to a minimum possible value as greater values would make the
structure laterally larger. Additionally, an increase in R will
make the surface plasmon resonance (SPR) wavelength elude
the vicinity of the gain medium emission peak, as the SPR is
sensitive to A. To keep the lateral span of the merged lattice unit
cell constant for increasing R, A, could be reduced. However,
a smaller A; has a negative effect on the overall transmission
intensity of the structure as the SPR shows a blue-shift when A,
decreases. Thus, A; = 250 nm and A, = 375 nm are the
optimum parameter values that resulted in the best possible
emission characteristics.

4.1.2 Passive optical cavity. To enhance the radiation of
plasmonic modes through the merged lattice NHA, we add a 1D
PhC on the top of the gain medium. The PhC works as a DBR
and selectively reflects the lasing emission into the gain
medium, enhancing the transmission through the NHA. Addi-
tionally, the periodic index variation in the DBR excites TPs at
the metal-gain medium interface, enhancing EOT through the
Au NHA.*® TPs are interfacial states at a metal-DBR interface
extensively explored by Kaliteevski and his team.>** When the
metal layer on a DBR is patterned with a square NHA, TPs result
in EOT. TPs are fundamentally different from the SPP modes
observed in the bare metal NHA.

To investigate the resonant radiative modes of the optical
cavity, we consider the gain medium as a passive layer, i.e., the
PU host matrix is devoid of dye molecules. We calculate the
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passive optical cavity's transmission spectra for an incident
broad-band plane wave. The transmission spectra of the passive
cavity with simple and merged lattice NHAs are shown in Fig. 4.
While a single radiative mode is obtained in the transmission
spectra for structures with simple NHAs, dual radiative modes
are observed in the transmission spectra for the structure with
the merged lattice NHA. We find that the EOT modes obtained
from the bare merged lattice metal NHA, as presented in
Fig. 3(c), are red-shifted to 860 and 864 nm in Fig. 4(d). The
shifts in mode wavelengths are due to the change of SPR of the
bare Au NHA to TP resonances in the passive optical cavity with
a DBR. The red-shift of the plasmonic mode also becomes
apparent due to the increase of the effective index when the
DBR is attached to the PU layer. In the proposed structure,
alternating layers of TiO, and MgF, act as a DBR, producing
a band-gap stretching from ~840 nm to ~1200 nm, as shown in
the normalized reflection spectrum of the DBR in Fig. 4(d).
We note that when the DBR is attached to the PU layer to
make an optical cavity, the reflection spectrum significantly
changes from that of the bare DBR. The incident light couples to
TP modes at the Au-PU dielectric interface, and intense trans-
mission peaks are obtained within the photonic band-gap of the
DBR. In the proposed structure, the transmission peak wave-
lengths overlap with the gain bandwidth of IR-140 dye mole-
cules. Fig. 5 shows the excited modes in the transverse and
longitudinal cross-sectional planes of the passive cavity. The
transverse Au-PU interface shows a high field intensity and
localization at the hole edges—the shorter wavelength mode is
localized at the corner hole edges, as shown in Fig. 5(b), and the
longer wavelength mode is localized at the central hole edges, as
shown in Fig. 5(c). The field intensities in the longitudinal
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(a) Passive cavity structure with a simple periodic Au NHA. The simple NHA has a periodicity of A. (b) Transmission spectra for the structure

in (@) with A = 250 and 375 nm. (c) Passive cavity structure with a merged lattice Au NHA. The merged lattice NHA has a periodicity of A = 3A; =
2A5, where A; =250 nm and A, = 375 nm. (d) Transmission spectrum of the structure in (c) and the lower band-edge of the reflection spectrum

of the isolated DBR shown in the schematic diagrams in (a) and (c).
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The cavity is normally excited by a broad-band plane wave source (Ep) The normalized electric field intensity |E/Ep\
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(a) Passive optical cavity of the proposed laser along with the cross-sectional planes in which electric field proﬁles have been analyzed.
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y—-z cross-sectional plane at (b) 860 nm and (c) 865 nm. |E/Ep\ profiles in the longltudmalx—y cross-sectional plane taken at the z-value at the
resonant hole edges for (d) 860 nm and (e) 865 nm. In the insets of (d) and (e), |E/Ep} are plotted along the x-directional line-section through the

center of the structure in the y-direction.

cross-sectional plane along the resonant hole edges are plotted
in Fig. 5(d) and (e). The E-field intensity amplification at the
metal-PU layer interface, and the E-field intensity distribution
in the cavity signify the excitation of TP modes.’**>*® To ensure
a proper resonator response for the design, the TP resonance
was designed to be around 870 nm for the maximum gain.
Therefore, the period span and hole dimensions of the Au-NHA
have been optimized and minimized so that the cavity modes
fall within the span of ~100 nm gain medium linewidth around
the peak at 870 nm. As band-edge states offer a higher quality
response and better wave localization,*® the DBR has been
designed to have its first band-edge close to the position of the
TP wavelength and gain emission wavelength at around
870 nm.

4.2 Dual mode lasing and an ultra-low threshold

Fig. 6 shows the near-field emission spectra and output versus
pump pulse intensity when the PU layer is doped with IR-140
dye molecules. Fig. 6(b) shows the lasing spectra for the
designed plasmonic laser except for the merged lattice metal
NHA replaced by a simple metal NHA. For both A = 250 and
375 nm, the lasing emission occurs in a single mode with peaks
at 870 and 867 nm, respectively. By contrast, we note that the
emission occurs in two isolated wavelength modes with peaks at
~869 nm and ~879 nm for two different incident pump energy
(E,) values, as shown in Fig. 6(c) and (d). The resonances can be
attributed to two distinct plasmon modes excited due to the
merged lattice metal NHA. We note that the lasing modes in
Fig. 6(d) are slightly red-shifted from that of the passive cavity,
as presented in Fig. 4(d), which can be explained by the inter-
action of cavity modes with dye molecules placed within the
cavity. Isolated dye molecules, in the absence of any cavity,
would radiate at a different wavelength than when placed
within a plasmonic cavity. The wavelength shift happens
because of the quantum electrodynamics associated with the

806 | Nanoscale Adv, 2022, 4, 801-813

atom-cavity coupling introducing a frequency pulling effect.>”>°
The gain profile of IR-140 is centered at 870 nm and has
a linewidth of ~100 nm,* which is broad enough to support
both the lasing modes.

To determine whether the emission modes are lasing modes,
we have investigated the input vs. output characteristics of our
designed merged lattice plasmonic laser. The existence of
a threshold pump energy for emission can prove that the
emission modes are indeed lasing modes. Therefore, we have
varied the incident pump pulse energy and calculated the peak
emission intensity, as shown in Fig. 6(c). We note that the
designed plasmonic laser does not show any emission when the
pump pulse energy is less than 1.20 uJ cm™>. On the contrary,
the laser emits dual modes simultaneously after the pump
energy crosses the threshold value. Such a dependence of both
the output emission modes on the input pump energy suggests
that both the emission modes are lasing modes.

The addition of a merged lattice NHA in the proposed dual-
mode plasmonic laser has significantly reduced the threshold
pump energy over its simple periodic counterpart. The
threshold pump energy for the proposed dual-mode laser is an
order of magnitude smaller than the reported 13 pj cm ™2 for the
planar single-mode plasmonic laser.*® Enhanced localization
induced by the merged lattice metal NHA has reduced the
threshold value of our laser. Thus, the proposed structure
exhibits at least two orders of magnitude improvement in the
threshold characteristics over state-of-the-art dual-mode plas-
monic lasers, as summarized in Table 2. The changes in emis-
sion intensities for the smaller (4,,) and longer wavelengths (4,,)
show similar trends when the pump energy is ~35 pJ cm 2.
However, the 4,; mode has a greater intensity than the 4,; mode.
Above the threshold value, at first, both mode intensities
increase with increasing pump energy at a high rate. We note
that the lasing at the longer wavelength, which corresponds to
the smaller transition energy, experiences gain saturation when

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of threshold pump energy of the proposed
plasmonic laser with those of recently reported dual-mode plasmonic
lasers

Threshold pump energy

Laser structure (W cm™?)

Simulation: ~160
Experiment: ~300

Plasmonic superlattice®®

Nickel nanodisk array®” ~3300
Quantum-dot lattice film*® ~140
Proposed merged lattice NHA ~1.20

the pump energy increases to ~40 uJ cm™ 2. Therefore, at ~40 pJ
cm %, the smaller lasing wavelength has more gain available,
and it grows in intensity. However, for a pump energy of ~60 pJ
cm 2, the lasing emission intensities are almost saturated for
both modes.

We show normalized electric field intensity (|E‘|2) profiles in
the transverse and vertical cross-sections of the plasmonic laser
structure in Fig. 7. In the transverse cross-section along the
metal-gain medium interface, the |E‘|2 profile shows that plas-
monic modes are excited at the corner holes of a unit cell at the
smaller wavelength A,;, as shown in Fig. 7(b). By contrast,
plasmonic modes are excited at the central holes of a unit cell at
the longer wavelength 1,;, as shown in Fig. 7(c). The incident
plane wave is polarized along the z-direction, and the spatial
modes are excited perpendicular to the direction of incidence.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The SPP mode is also excited along the hole edge. Since the
holes are 100 nm in size, neighboring holes along the edges of
a unit cell are only separated by 25 nm. Therefore, LSPs in two
neighboring holes across such a small distance couple and form
stronger modes. In Fig. 7(d) and (e), we show |E{2 profiles at
869 nm and 879 nm wavelengths, respectively, in the vertical
cross-section along the x-direction of the structure as indicated
by the vertical section plane (black border) in Fig. 7(a). We
observe that plasmonic modes are excited at the hole edges
along the metal-gain medium interface.

4.3 Lasing emission dynamics

4.3.1 Near-field mode dynamics. The dual-mode emission
of the proposed laser depends on the excitation of the TP
modes. On the other hand, the characteristics of the excited TP
modes sensitively depend on the number of TiO,-MgF, pairs
(N) and the terminating TiO, layer thickness (d;) in the DBR.
Therefore, to explore the near-field characteristics of the dual
lasing modes, we have varied N and d;. The TP resonant wave-
length of a metal-DBR structure varies with d; over the DBR
band-gap.®~* For a sufficiently thick d;, multiple TP modes can
be excited within the band-gap. The intensity of TP modes and
their linewidth increases with increasing N. TP mode tunability
results in similar tuning capabilities of near-field lasing in our
TP resonance-based lasing cavity by varying N and d;.

The results of the near-field mode dynamics are presented in
Fig. 8 and 9. Fig. 8(a) shows the lasing emission for two sets of N
and d;, values: (1) N=5and d;, =200 nm and (2) N=9and d; =

Nanoscale Adv., 2022, 4, 801-813 | 807
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180 nm. In each case, the proposed laser emits intense and
distinct dual modes. However, for two different sets of N and d;,
values: (1) N =5 and d;, = 170 nm and (2) N = 11 and d; =
216 nm, the proposed laser does not show distinct dual modes,
as shown in Fig. 8(b). For the first case, although the modes are
spectrally distinct, the smaller wavelength mode is too broad
and weak to be usable. By contrast, for the second case, the
lasing modes are so close to each other that their spectral
overlap creates a distorted mode shape, and they can no longer
be distinguished as isolated modes. Therefore, to define prac-
ticable dual-mode emissions and find a tuning range of the
proposed laser, we consider the emission intensity at N =5 and
d; = 200 nm in Fig. 8(a) as a reference to define the dual-mode
emissions. This particular configuration of N and d; gives us
clear, well-separated, and almost equally-prominent peak
intensities, as will become clear in the results presented in the
following paragraphs. We assume that if the peak intensity of
any mode becomes less than 0.2 times the peak intensity at N =
5 and d; = 200 nm, the emission is too weak and less than the
minimum acceptable value. On the other hand, if the separa-
tion between the two lasing modes is smaller than their
combined linewidths, the modes significantly overlap and
result in a distorted single-mode, with possible adjacent side
lobes. Such a case of distorted mode shape is also not consid-
ered as dual-mode lasing.

The mode intensities, peak wavelengths, separations, and
linewidths vary when N and d; change. We find that the mode
separation (A1) of the lasing modes shows a non-monotonic
dependence on N and d;, as shown in Fig. 8(c). When d
increases with a fixed N, we find that AA decreases. Similarly, A4
shows a decreasing trend as N increases. Because of the
complex geometry of the merged lattice NHA and the mode
competition between the lasing modes, the output behavior is

808 | Nanoscale Adv,, 2022, 4, 801-813

substantially non-linear. Fig. 8(d)-(g) show 2D surface plots for
the emission intensity of the proposed laser against wavelength
and d;. The proposed structure can be tuned to emit in the
smaller wavelength mode in the range of ~845-883 nm and in
the longer wavelength mode in the range of ~860-886 nm by
changing d; and N. When d;, = 210 nm for any N, we find that
AX becomes too small to support the linewidth of the two
individual modes, and the dual modes get distorted and
become indistinguishable due to the spectral overlap. With
a decreasing A4, the dual modes merge and emerge as a broader
and distorted single mode.

Fig. 9 shows the full-width at half-maximum (FWHM) line-
widths and peak intensities of the two wavelength modes when
d; varies between 160 and 220 nm for N =5, 7,9, and 11. FWHM
linewidths show a non-monotonic decreasing trend with d,
especially for the smaller wavelength mode, as shown in Fig. 9(a)
and (b). When N = 5, the smaller wavelength mode has a broader
linewidth compared to that of the longer wavelength mode.
However, for N > 5, the smaller wavelength mode has a narrower
linewidth than that of the longer wavelength mode for a signifi-
cant range of d;. The smaller wavelength mode's linewidth
decreases with increasing N, while the longer wavelength mode's
linewidth shows a less significant variation with N.

Fig. 9(c) and (d) show the intensities of the lasing modes
against d;, for different N. For N = 5 and 7, the two wavelength
modes are in significantly good shape and of similar relative
prominence in intensity. However, for N = 9 and 11, we get
a much greater intensity for the smaller wavelength mode
compared to that of the longer wavelength mode, especially
when d; varies in the range of ~195-210 nm. Fig. 9(c) and (d)
show that the peak intensity of the smaller wavelength mode
has a maximum around d; = 200 nm and increases non-
monotonically with N. The longer wavelength mode shows

© 2022 The Author(s). Published by the Royal Society of Chemistry
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only a little variation in its peak intensity. We note that a greater
N favors stronger emissions from the smaller wavelength mode,
making it more prominent than the longer wavelength mode.
The peak intensity and linewidth of the longer wavelength
mode remain almost unaffected with the change of N.

The tendencies of the separation, spectral position, line-
width, and peak intensities of the two lasing modes presented
in Fig. 8 and 9 primarily depend on the physics of the tuning
mechanism of TP modes for varying d; and N. The trends
observed in the near-field mode dynamics conform to the
existing theoretical formulations of Tamm resonance behavior
at the metal-DBR interface.**** A 1D “double period” patterning
of the top metal layer has been shown to create a Tamm plas-
monic band-gap with two modes and control their tuning
characteristics.* The merged lattice metal NHA on top of the
gain medium also contributes to the tuning behaviour besides
exciting Tamm resonances. Through such an in-depth analysis
of the lasing mode dynamics, we have determined a range of
values for N and d; that would create an intense and spectrally
well-separated dual-mode emission. The calculated ranges for

© 2022 The Author(s). Published by the Royal Society of Chemistry

limiting structural parameter values for dual-mode lasing are
given in Table 3. Within these ranges, the intensities of the
lasing modes are high and comparable to those of other re-
ported plasmonic lasers; the linewidths are narrow, and the
lasing modes do not overlap each other.

4.3.2 Farfield mode shapes. One crucial drawback of
plasmonic lasers is their emission of higher-order spatial
modes due to the mismatch between wave-vectors of SPP modes
and free space propagating waves. The sub-wavelength period-
icity of the merged lattice metal nanoholes helps the proposed
structure to create only the zeroth-order mode. The light waves
radiated from the nanoholes of the merged lattice metal layer
interfere constructively and produce a highly convergent and
directional beam. The two-fold periodicity in the proposed
merged lattice metal NHA has also enhanced the convergence of
the spatial modes in the far field.*

We have calculated the far-field patterns of the proposed
merged lattice plasmonic laser for a device area of 150 um X
150 um in the yz-plane. The far-field intensity profile is obtained
by projecting the near-field profile away to a distance of 1 m.

Nanoscale Adv, 2022, 4, 801-813 | 809
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Table 3 Ranges of d; values that produce dual-mode lasing for N =5,
7.9, and 11

N 5 7 9 11
d, ~179-209 nm ~171-213 nm ~170-211 nm ~170-212 nm

Then the obtained far-field distribution profiles have been
normalized using the intensity of the pump pulse. The far-field
analyses for both the lasing modes show similar results, as
shown in Fig. 10. The long-range periodicity of the lattice and
the two-fold symmetry in the merged lattice configuration cause

Fig. 10

a more significant constructive interference in the far field. The
proposed laser produces a far-field divergence angle of <0.35°,
which is much smaller than that of other dual-mode plasmonic
lasers.***® The far-field divergence angle of the proposed laser is
also significantly smaller than the reported 1° divergence angle
of the planar single-mode laser in ref. 21. Therefore, the addi-
tion of a merged lattice NHA has notably improved the perfor-
mance of our dual-mode plasmonic laser in the far field
compared to the planar single-mode laser in ref. 21 and dual-
mode lasers reported in ref. 36-38. Our design is thus highly
coherent in the near-field spatial domain and directional in the
far field.
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(a) Schematic diagram of the proposed merged lattice laser structure along with a portion of the hemispherical detection plane at

a distance of 1 m away from the near-field detection plane for angle resolved far-field projection of EM fields. The near-field detection plane is
indicated by the rectangle close to the metal film. (b) Far-field E-field intensity distribution normalized to that of a free space pump beam versus
the polar angle at 0° azimuth. 2D polar spatial normalized far-field intensity for the (c) A, = 869 nm lasing mode and (d) A,; = 879 nm lasing

mode.
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5 Conclusion

In conclusion, a merged lattice metal NHA plasmonic laser has
been designed and theoretically demonstrated to produce dual-
mode lasing. The merged lattice NHA produces EOT of the
excited plasmonic modes by gain emissions. The two-fold
periodicity in the merged lattice NHA creates dual plasmonic
resonances that support two output transmission modes. By
carefully designing the merged lattice NHA, we find an overlap
of the transmission peaks with the gain spectrum of IR 140
molecules. The merged lattice also creates scattering loops
within the gain medium, increasing light confinement at
multiple modes and thus reducing the threshold pump energy
by at least two orders of magnitude from state-of-the-art dual-
mode plasmonic laser demonstrations. The lasing wavelength
of the proposed dual-mode laser is tunable over a broad range
of ~845-886 nm by changing structural parameters. The sub-
wavelength nanohole dimensions and periodicity in the metal
layer produce only the zeroth-order spatial mode in the far field,
getting rid of the higher order modes, and thereby producing
a highly converged far-field pattern. The intense and isolated
dual lasing modes of the proposed laser, with an ultra-low
threshold pump energy and highly converged far-field pattern,
can be critically important for many envisioned and crucial
applications.
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