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Plasmonic nanolasers (PNLs) have attracted much attention in recent years due to their light-trapping
capabilities beyond the diffraction limit. However, the physics that underpins the lasing action in such
devices has not received sufficient treatment in the literature. The contribution of plasmons in PNLs needs
to be understood at a granular level for designing enhanced nanoscopic lasers. In this work, we present a
modal decomposition-based analysis of a planar PNL that employs a two-dimensional metallic nanohole array

interfaced with the gain medium. Using state-of-the-art simulation techniques, we isolate the plasmonic mode
that emerges at the metal-gain medium interface interlaced with scattering modes. We present a step-by-
step dispersion analysis to identify the possible modes supported by the planar PNL structure and locate the
operating point of the PNL. Furthermore, we show how the plasmonic mode regulates the lasing action, and
hence, can serve as a tool for laser tunability.

1. Introduction

Lasers are spatiotemporally coherent sources of light that offer
competitive applications in a wide range of industries, running the
gamut from consumer technology to nuclear fusion [1,2]. However,
in many potential sectors, e.g., laser surgery, on-chip optical comput-
ing, bio-sensing, and data storage, a compact laser with nanoscale
dimensions has become a dire necessity [3]. Unfortunately, conven-
tional microcavity-based lasers are diffraction-limited, i.e., the cavity
dimensions cannot be smaller than half of the operating wavelength
along any one direction [4]. To overcome this intrinsic limitation, novel
mechanisms are being explored to compress electromagnetic energy
within subwavelength dimensions [5]. One such crucial avenue of
research is the introduction of metal in laser design to induce surface
plasmons.

Plasmonic modes — excited in the presence of metallic structures —
couple energy way beyond the diffraction limit. Furthermore, the am-
plificatory characteristic of plasmons can mimic resonator effects [6].
Hence, plasmonic modes have emerged as a promising candidate for
designing nanoscale lasers. The first proof-of-principle of a PNL was
demonstrated in 2007 [7]. Since then, research interest in this field
has witnessed a sharp rise. However, the inclusion of plasmons in laser
systems comes with additional ohmic losses in the metal layer [8].
Researchers have implemented heterodox strategies to exploit the many
strands of plasmons, as well as to circumvent additional losses such as
ohmic losses due to the inclusion of metal. From design point-of-view,
PNLs can be divided in the following broad categories: (1) metallic
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nanowire-based PNLs, (2) metallic nanoparticle-based PNLs, and (3)
metallic planar structure-based PNLs. In metallic nanowire-based PNLs,
a semiconductor nanowire sits atop a metal layer, and the nanowire is
often separated from the metal layer by a nanoscale-thick insulator [9].
In this design, surface plasmon polaritons (SPPs) are hybridized with
photonic or waveguide modes, which allows SPPs to traverse longer
distances with strong modal confinement [10,11].

In metallic nanoparticle-based PNLs, on the other hand, a funda-
mental variant of plasmonic mode dubbed localized surface plasmon
(LSP) - stationary plasmonic excitation in metallic nanoparticles - is
exploited to generate lasing [12-14]. Finally, in planar interfaced PNLs,
where layers of different materials are stacked one after another, plas-
monic modes that emerge at the interfaces between metal and dielectric
materials hybridize with photonic modes [4]. Plane parallel slabbing
strategy for designing nanoscale lasers has gained significant interest
in PNL research due to its ability to produce higher optical output
power compared to the other approaches. Planar interfaced PNLs can
come in variants with metallic nanostructures in the interface between
metal and dielectric layers for better exploitation of both plasmonic and
photonic modes [14]. Recently, a novel structure has been proposed
in which a metallic nanohole array (NHA) is used with a nanoscale
gain medium for enhanced directionality and efficiency [15]. A one-
dimensional photonic crystal (1-D PhC) superposed on the gain medium
of the nanolaser of Ref. [15] helps to induce the coupling of stimulated
emission energy to optical Tamm plasmon polaritons (TPPs) at the
interface between the metal layer and the 1-D PhC [16]. The periodic
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nanoholes in NHA couple the TPP mode to free-space, radiative mode
via extraordinary optical transmission (EOT). Planar structures have
also been shown to induce whispering-gallery modes in PNLs [17,18].

Although there has been significant progress in PNL research, a
comprehensive theoretical study of the physics underpinning the lasing
action in plasmon-integrated systems is still lacking. Presumably, plas-
mons are the key mechanism of a PNL. However, due to the diversity of
approaches involved, different modes may accompany the fundamental
plasmonic mode in different designs. The spectral purity of the output
emission, tuning of emission wavelength, and far-field directionality
will critically depend on the modes excited within the PNL cavity.
Additionally, to understand the lasing mechanism so that improved
and novel PNLs can be designed and tailored for various applications,
an analysis that decomposes lasing light into constituent modes that
resonate inside the nanolaser cavity and make the emission profile will
be immensely helpful.

In this work, we carry out a mode-resolved analysis of PNLs that
exploit parallel plane interfacing of metal and dielectric media. In
particular, we analyze the PNL structure presented in Ref. [15] that
has a metallic NHA interfaced with the gain medium so that SPPs
evolve at the planar metal-gain medium interface and coalesce at
the output as a radiative and spectrally coherent EOT mode. The
PNL structure proposed in Ref. [15] effectively separates the lasing
emission from the pump pulse, increases the emission intensity, and
makes the far-field pattern directional. The internal physics of the
proposed parallel plane PNL structure with a metallic NHA was not
investigated in Ref. [15] and remained mostly elusive. It was assumed
that the plasmonic excitation plays a significant role in the designed
PNL structure; however, a definitive link was not explored, let alone
established. Additionally, in the research work published in Ref. [15],
we found that a few aspects of such plasmonic lasers contradict the
conventional physics of laser dynamics. We explained a few things
intuitively in Ref. [15]; however, an in-depth analysis with theoretical
modeling and computational work that unearths the underlying physics
is crucially important for designing improved plasmonic lasers with
enhanced and tailored performances.

In this work, we decompose the emission spectra at the output
and the resonating modes inside the cavity using state-of-the-art sim-
ulation techniques. We calculate the dispersion relations to identify
all modes that are supported by the studied PNL structure and find
out the operating point of the laser—the point of overlap between
the supported modes and the gain bandwidth. We show how we can
exploit the SPP mode to tune the lasing spectra. By demonstrating
that the gain resonance excites plasmons and the lasing mode shifts
in response to the plasmonic mode, we have found a definitive link
between the excitation of plasmons and the lasing action of the studied
PNL, which may serve as a first-principles framework for understanding
and designing future PNLs.

2. Nanolaser structure

We investigate the PNL structure that was presented and discussed
in Ref. [15]. In Fig. 1(a), we show a schematic diagram of the structure.
A polyurethane (PU) layer spin-coated with fluorescent IR-140 dye
molecules that functions as the active medium is placed on the top
of a gold layer. IR-140 dye molecules have a broad fluorescence spec-
trum [19] that makes them a suitable candidate for laser gain medium,
especially in widely tunable lasers. Additionally, IR-140 molecules
show a superior photo-physical performance when they are used as
an active dopant with polymers, as compared to other familiar dye
molecules such as Rhodamine 6G or pyrromethene 567 [20]. On the
other hand, the use of gold as the metal layer is favored over silver and
copper. While copper is not a suitable metal for their inability to excite
SPP modes in the near-infrared regime and huge loss incurred within
copper, both gold and silver help excite strong SPP modes in the near-
infrared regime and support long propagation length for SPP modes
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Table 1
Refractive indices of dielectric layers.
Material Refractive Index
TiO, 2.23
MgF, 1.38
PU 1.52

with a relatively less loss [21]. However, silver shows a relatively poor
performance in comparison with gold due to a lack of chemical stability
of silver, susceptibility to surface impurities, and difficulty to grow
single-crystalline silver layers [22]. The gold layer is perforated with
two-dimensional (2-D) square holes with subwavelength periodicity.
The 1-D PhC consisting of 5 pairs of alternating TiO, and MgF, layers
is separated from the gain medium by a comparatively thicker spacer
layer of TiO,. The alternating TiO, and MgF, layer thicknesses are
108 nm and 165 nm, respectively. The spacer layer thickness is 200 nm,
while the IR-140-doped PU gain layer is 325-nm thick. The metal layer
has a thickness of 100 nm with 170 nm X 170 nm nanoholes that have
a periodicity of 350 nm in both the x- and y-directions. The refractive
indices of different dielectric materials used in the PNL structure are
provided in Table 1 [15].

The PNL structure is uniformly optically pumped from the PhC side
by a normally incident, ultra-short 40 fs plane wave pulse, centered at
800 nm. We set the source intensity to 8.8 pW/cm?. The 1-D PhC serves
as a distributed Bragg reflector (DBR) to suppress the forward scattering
of the pump pulse. The layer thicknesses, as well as refractive indices,
are chosen in such a way that the reflectance bandgap of the DBR
coincides with the spectrum of pump pulse centered at 790 nm [23].
Fig. 1(b) presents the cross-sectional view of the structure in the x-
z plane. SPPs are excited in the metal-gain medium interface, while
EOT occurs through the holes in the metal layer to create the lasing
emission. In effect, the square holes in the metal layer emit spherical
wavefronts that interfere constructively in the far-field to produce a
highly directional laser beam.

3. Theoretical modeling and simulation methodology

Theoretical modeling is crucially important in understanding the
physics of plasmonic lasing at nanoscopic dimensions and designing
improved plasmonic lasers with enhanced performances. Intuitively,
the gain resonance from the active medium would transfer excitonic
energy to the surface plasmons that act as nanoresonators. However,
if a definite causative link between the induced plasmonic mode and
the radiative mode in a planar interfaced PNL can be established via
theoretical modeling and numerical approach, as pursued in this work,
future research works in this field can be carried out in a scientifically
more rigorous way.

3.1. Active medium

The absorption of an incident pump signal by IR-140 dye molecules
and subsequent fluorescence can be modeled using a 4-level 2-electron
system [24]. Effectively, we will analyze the cavity dynamics in a
semi-classical framework, where the active medium follows a quan-
tum mechanical description; however, the electromagnetic field prop-
agation follows classical Maxwell’s equations. A simplified schematic
illustration of the 4-level system is shown in Fig. 2. The incident
pump beam excites electrons from the lowest energy level |0) to the
highest energy level |3). The excited electrons at level |3) scatter to
level |2) via non-radiative decay at a fast rate. The non-radiative decay
rate from level |2) to |1) is slow, while the spontaneous radiative
transitions from level |2) to |1) lead to lasing emission. The relaxation of
electrons from level |1) to |0) is also fast and non-radiative. The relative
differences of the decay rates between energy levels lead to the build-
up of population density in level |2), and eventually, create population
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Fig. 1. (a) Perspective view of the studied PNL structure [15]. Alternating layers of TiO, and MgF, form the 1-D photonic crystal. (b) Cross-sectional view of the PNL structure

in the x-z plane.

The governing equations for the coupled dipole oscillators are [25]
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Fig. 2. Schematic diagram of a 4-level 2-electron system.
Table 2
Parameter values for IR-140 dye molecules.
Parameter Value
Emission wavelength (4,) 870 nm
Emission linewidth (44,) 100 nm
Absorption wavelength (4,) 800 nm
Absorption linewidth (44,) 100 nm
Dye concentration (Neey) 2x10* em™®
Polarization decay rate (7, = y,) 39%x 10" 57!
Radiative decay rate (7,,) 7.2x107 571
Transition lifetimes (z,; = 73;) 1 ns
Transition lifetimes (3, = 7)) 10 fs

inversion between levels |1) and |2), which is the elemental condition

of lasing action.

In this modeling approach, the two radiative transitions between

levels |2) and 1) and between levels |0) and |3) are modeled as two
coupled dipole oscillators with polarizations P, and P,, respectively.
The decay or dephasing rates of P, and P, are y, and y,, respectively.

P, B g ST (N, - NE (1a)
Za =0 — ; a
ar e T®ale w1y 2 !

dZFb dﬁl; = 6reyc? -

F + yb? + wbe = P (N3 - NO)E, (1b)

where N; is the normalized population density of level i; w, and w,
are the resonant frequencies of P, and P, respectively; z;; is the decay
time constant between levels i and j; and ¢, and ¢ are the permittivity
and the speed of light in vacuum, respectively. The assumption of two
coupled dipole oscillators leads to the following set of equations that
regulates the population dynamics among the four energy levels [25]

dN. N3(1=N,) N;(1-N, — dPp,

3 Na( ) N( 0)+LE__b’ (2a)
dt T3 73 haw,, dt
dN, N3(1-N,) N,(1-N _ dP,

2 _ Ns( 2) Nyl D, L. o (2b)
dt T3 751 ho, dt
dN, N,(1-N;,) N,(1-N, —. dP,

1 _ Na( D Ni( 0)_LE._¢1, (20
dt Ty T10 ho, dt
dN, N;(1-Ny) N;(1-N, — dPp,

0 _ Ns( (AT o _ 1 g 4B 2d)
dt 73 710 haw,, dt

The model links Egs. (1) and (2) to the Maxwell-Ampere law given
by [25]

dE _1__—= 1 dP, dP,
4 _ lyxH-=N, . [ =24+t
ar g T g Ndensity ( a T ar ) )

where E and H are the electric and magnetic fields, respectively, and
e is the permittivity of the background material. Eqs. (1)-(3) form a
self-consistent set of equations that are solved by the finite-difference
time-domain (FDTD) numerical technique to find out the time-resolved
population evolution of the four quantum levels. In this work, we solve
Egs. (1)-(3) using a full-field vectorial three-dimensional (3-D) FDTD
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Fig. 3. (a) A thin strip of the metal-dielectric interface along the x-z plane is included in the simulation region for dispersion analysis. Inside the strip, a number of electric
dipoles (marked as circles) is positioned randomly to excite all possible modes of the structure. In a similar fashion, time-domain detectors (marked as crosses) are dispersed across
the span of the simulation region to collect field data over time. (b) Same methodology extended to a 3D simulation to record the effect of the metallic NHA on the dispersion

of the structure.

technique. We solve a unit cell of the PNL structure in the x-y plane
with Bloch boundary conditions (BCs) applied at the boundaries in the
x- and y-directions. The simulation region in the z-direction is 6-pm
long that contains all layer thicknesses, air medium on both ends of
the structure, the source in the PhC side and a detection plane away
from metal layer in the air to record the emission profile. We use
perfectly matched layers (PMLs) at the simulation boundaries in the
z-direction. The pump position is 0.6 pm away from the edge of the
PhC structure and the emission is collected at 1 pm away from the metal
layer. We use 10-nm mesh sizes in all three directions for the simulation
domain except for a small region encompassing the metal layer that
has a mesh size of 3.5 nm. We have simulated with even smaller mesh
sizes, however, the results do not vary. Typical parameter values used
to model the gain medium are derived from Ref. [15] and are given in
Table 2.

3.2. Gain lineshape

We calculate the gain coefficient of the IR-140 doped PU material
using the well-known expression [26]

@ %
2¢ 1+ 2w - w,)/Aw,]?’

a,(®) = (€3]
where y' = 34N A3y,,4/(47* Aw,) is the midband value of resonant sus-
ceptibility due to transition of excited electrons from level |2) to |1), @,
is the midband lasing frequency that depends on the energy difference
between levels |2) and |1), AN is the quantum population difference
between levels |2) and [1), y,,4 is the radiative decay rate of excited
electrons from level |2) to |1), Aw, = y,,q + 1 /751 + 27, is the frequency
linewidth, and 4, is the lasing wavelength. Different parameter values
used to calculate the gain lineshape of IR-140 embedded in PU are
presented in Table 2 [19,27].

3.3. Calculation of dispersion relations

Dispersion diagram — a graphical representation of the relationship
between frequency and wavevector — is a powerful analytical tool
which reveals the resonant modes of a structure. The key feature of
a surface plasmon-based laser is that the gain resonance transfers ex-
citation energy to the plasmons propagating along the metal-dielectric
interface. These plasmons, in turn, provide the necessary optical feed-
back required for lasing action. A dispersion diagram presents a natural
tool for our theoretical investigation, in that it would surely encapsulate
the information stated above by showing the overlap between the flu-
orescence bandwidth of the active molecules and the supported modes
of the structure, including the surface plasmon resonance (SPR). The
spectral overlap between the fluorescence bandwidth and the supported
modes essentially represents the laser operating point.

To calculate the dispersion relation, a thin strip of the structure
that contains a unit cell with the interfaces is required. If a structure is

invariant in one of the directions, e.g., in the y-direction, as shown in
Fig. 3(a), a 2-D strip in the x-z plane can be simulated to calculate the
dispersion diagram. In 2-D simulations, PMLs are used at the simulation
boundaries in the z-direction, which allows for the absorption of both
propagating and evanescent light waves with minimal reflection [28].
On the other hand, Bloch BC is imposed in the x-direction to include the
periodicity of the structure in the simulation [29]. Each simulation will
yield an allowed band of frequencies for a particular Bloch vector «,.
Extrapolating the aforementioned strategy, we adopt a similar method-
ology for a 3-D simulation to register the effects of a metallic interface
perforated with periodic subwavelength holes, as shown in Fig. 3(b).
In 3-D simulations, we use Bloch BCs in the x- and y-directions, while
PML BC in the z-direction.

Within the simulation region, a cloud of randomly oriented dipole
sources is placed to excite all possible modes that can resonate within
the structure. In this work, we use 10 dipoles in the nanoscale-thick
simulation region so that multiple dipoles are placed within each of
metal, dielectric, and air medium. Therefore, even if a randomly placed
dipole is located at the node of a mode, others can still excite the
supported modes so that not a single frequency of light that can be
supported by the structure is missed out. Correspondingly, 10 time-
domain detectors are dispersed over the expanse of the simulation
window to collect field data over time. The optical modes that are not
supported by the structure would decay away quickly. The supported
modes, however, would resonate and be captured by the time-domain
detectors. The collected time-domain data are then Fourier-transformed
and summed to find out the frequency-domain response (S) of the
structure as [30]

2

M
S=13 Y F(E, )| .

i=1 c=x,y,2

(5)

where E; . is the cth spatial component of the electric field from the
ith time-domain detector, ¢ = x,y,z is the x, y and z-component of
the field, respectively, and M is the number of time-domain detectors.
To calculate the dispersion relation, we run a series of simulations by
varying k, over a large range from zero to 5x10” m~!. The collected
spectrum data are visualized on a logarithmic scale.

3.4. Spectral isolation of the plasmonic mode

Isolating the contribution of the plasmonic mode is crucially impor-
tant to identify the feedback mechanism that underpins lasing action
in a PNL. To isolate the plasmonic mode, we use a special kind of
optical source called total field scattered field (TFSF) source [31]. The
TFSF source that we employ has the same properties of the pump
beam. The TFSF source emits planar wavefronts and is integrated with a
rectangular hollow box known as the “Huygens surface” [32], as shown
in Fig. 4. The Huygens surface splits the computation domain, which
contains one periodic cell of the PNL structure, into two regions. The
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Fig. 4. 2-D schematic illustration of TFSF source. The Huygens surface divides the
simulation window into source and scattering regions. A 50 nm x 50 nm 2-D frequency
domain detector is placed along the metal-gain interface in the scattering region to
record the effect of plasmons.

space confined within the borders of the box is called the source region
since it includes the plane wave source. The rest of the simulation
region, which falls beyond the borders, is called the scattering region.
Inside the box, both incident and scattered fields are present. However,
on the outside, only scattered fields are present. The scattered field
is obtained by subtracting at the Huygens interfaces any light that is
directly transmitted through the source region or reflected from a flat
substrate. Since plasmons induced by stimulated emission falls under
neither category, they are plentiful in the scattering region. Hence, a 2-
D frequency-domain detector is placed at the Au-gain medium interface
in the scattering region to record the spectral effect of plasmons. The
dimensions of the detector are arbitrary so long as the detector is
located in the scattering region and along the Au-gain interface. In this
case, we have chosen a 50 nm x 50 nm detector. However, we note
that the holes in the metal would act as scattering objects, and their
contribution would come interlaced with that of the SPP mode.

4. Results and discussion
4.1. Dispersion analysis

For a systematic analysis, as well as to understand how different lay-
ers and interfaces impact the excitation of different modes in a planar
PNL with 2-D NHA, we calculate and present the dispersion relations
for four cases: When the structure consists of (i) an infinite dielectric
material and a finite metal layer, (ii) a finite dielectric material and a
finite metal layer, (iii) a finite gain material and a finite metal layer,
and (iv) a finite gain material and a finite metal layer with NHA. These
cases represent the gradual evolution of the dispersion of the structure
as we introduce an increasing degree of complexity to the structure
with the fourth case approximating the nanolaser structure studied in
this work.

In the first case, when the structure has an infinite dielectric mate-
rial and a finite metal layer, we extend the PU layer thickness beyond
the simulation region, as shown in Fig. 5(a), so that scattered light from
the metal layer cannot couple to any photonic mode within the PU
layer, rather gets absorbed by the PML layers at the boundary. The
calculated dispersion relation for this structure is given in Fig. 5(b).
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We note two light lines in the dispersion diagram: The one with the
greater slope corresponds to that in air and the other corresponds to
that in PU layer. SPR occurs at ~550 THz. In the second case, the
PU layer thickness is finite and smaller than the simulation region, as
shown in Fig. 5(c), so that the scattered light from metal layer can
couple to photonic modes within the PU layer. In this case, the PU layer
has a thickness of 325 nm. The corresponding dispersion relation is
given in Fig. 5(d). We note that there are several branches of available
solutions between the two light lines, which represent several photonic
modes being excited within the finite PU layer, especially, in the higher
frequency or shorter wavelength range. However, the two light lines
and the SPR frequency remain unchanged.

Now, we consider the case when the structure has a finite PU
dielectric layer, which is doped with IR-140 dye molecules. In our 4-
level 2-electron model, IR-140 has an absorption peak at 800 nm, or
equivalently, at ~375 THz, and an emission or fluorescence peak at
870 nm, or equivalently, at ~345 THz. A schematic illustration along
with the simulation domain for the calculation of dispersion relation
of a structure that has a gain material and a finite metal layer is
shown in Fig. 5(e). The corresponding dispersion relation in Fig. 5(f)
shows two horizontal stripes: The upper stripe centered at ~375 THz
is the absorption spectrum and the lower one centered at ~345 THz
is the fluorescence spectrum of IR-140. The two profiles are nearly
indistinguishable due to the broadband absorption and fluorescence
profiles of IR-140 [19]. The fluorescence band signifies the fact that
although a lot of modes can be excited in the structure, only the
resonances that overlap with the fluorescence spectrum of IR-140 at
~345 THz can have gain, and hence, sustained oscillations. We note
that the dispersion relations of the light lines, SPR, and photonic modes
remain unchanged despite the inclusion of IR-140 dye molecules into
the PU layer.

Finally, we analyze the dispersion relation of the structure that has
a finite gain material and a metal layer with a periodic 2-D NHA. The
schematic illustration of the structure with the simulation boundary
and the corresponding dispersion relation are shown in Fig. 5(g) and
(h), respectively. In this case, we carried out 3-D simulations to cal-
culate the dispersion relation as well as to analyze the effects of NHA
on the dispersion relation. We note that even with the presence of the
2-D NHA, the light lines, photonic modes, and SPR remain the same
as were found for the third case without the 2-D NHA. This finding is
corroborated by an earlier report [33], which indicates that the SPR
branch of a hybrid hole-plasmon resonance is identical to that of a
purely continuous metal layer. However, we note that the dispersion
diagram in Fig. 5(h) is criss-crossed by a number of new lines, especially
a few branches slanting from left to right. The appearance of these
new dispersion lines can be explained via the momentum matching
condition [34]

k, +iG, +jG, =k, (6)
where k, = k, sin 6,,,. is the in-plane wavevector of light incident at an
angle 6,,. with a wavevector k,, G, and 5y are the reciprocal vectors
associated with the periodicity of holes in the x- and y-directions,
which are the same due to the symmetry of NHA distribution, and i
and j are integers indicating the order of scattering from holes that
couples incident light to a resonant mode Esp of the structure. These
new branches are the manifestation of Wood’s anomaly [35]. They
are observed when a surface wave, having been diffracted by the
nanoholes, grazes the perforated plane instead of creating a plasmonic
mode [34]. These dispersion lines can be analytically solved for by
plugging kg, = 0 in Eq. (6) [36].

In all cases, we note a vertical stripe around k, = 0, which is con-
sistent with the simulation results of Ref. [35]. The appearance of this
vertical stripe stems from the use of Bloch BCs to simulate periodicity.
Bloch BCs are different from normal periodic BCs. Periodic BCs simply
make a copy of the fields from one boundary of the simulation region
and paste it on to the other. Bloch BCs, on the other hand, apply a
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Fig. 5. Schematic illustration of the simulated structure with simulation domain and the corresponding dispersion relation for four cases: (a,b) An infinite dielectric material and
a metal layer, (c,d) a finite dielectric material and a metal layer, (e,f) a finite gain material and a metal layer, and (g,h) a finite gain material and a metal layer with a 2-D NHA.

Table 3
Summary of the dispersion analysis results of the investigated cases.

Case PU layer Dye molecules NHA Photonic modes SPR Absorption and fluorescence Wood’s anomaly modes
1 Semi-infinite No No No Yes No No
2 Finite No No Yes Yes No No
3 Finite Yes No Yes Yes Yes No
4 Finite Yes Yes Yes Yes Yes Yes

phase shift of k,a,, where a, is the periodicity of the Bloch unit cell,
before replicating the fields to the opposite boundary. Depending on the
value of k., some frequencies will destructively interfere, and therefore,
will not appear in the dispersion diagram. However, for k, ~ 0, the
phase shift from the Bloch BCs will be small, and hence, they will
be reduced to quasi-periodic BCs. This translates to the destructive
interference effect not being as pronounced, and consequently, non-
resonant frequencies will not vanish, resulting in a vertical band near
k, =~ 0. In Table 3, we summarize the key findings from the dispersion
analysis of the four investigated cases.

4.2. Spectral decomposition

The gain lineshape of IR-140 dye molecules embedded within a
PU host medium is presented in Fig. 6 as a dash-dotted red line. The
typical values to determine «,, are taken from Table 2. The resultant
curve, centered at A = 870 nm, traces a lorentzian lineshape with a
linewidth of ~100 nm. Furthermore, we employ the simulation strategy
described in the methodology section in order to spectrally isolate
the SPP mode. The result is shown in solid blue line in Fig. 6. We
can identify two peaks in this Figure: a strong, coherent plasmonic
mode at 4 = 865 nm and a smaller, almost indistinguishable mode at
A = 874 nm. This dual peak stems from the use of gold in our structure
which can sustain both transverse and longitudinal SPR [14]. The two
peaks centered around 4 = 865 nm and 4 = 874 nm correspond to the
transverse and longitudinal modes, respectively. The longitudinal SPR
is patently insignificant in terms of its contribution to lasing action in
this design. The transverse SPR mode is what facilitates lasing emission
by coupling at the output. To gain a deeper understanding of what
actually transpired, we can invoke the dispersion diagram in Fig. 5(d).
As we can see, stimulated emission in the vicinity of the laser operating
point excites SPPs, which in turn, function as nanoresonators, the a
priori condition for lasing.

The output emission (dashed green line) is recorded at 1 pm away
from the edge of the metal layer, on the far side of the device. We
detect the emergence of a narrow peak around 875 nm. This is basically
the EOT through the 2-D NHA that primarily contributes to the lasing
emission in this design [37]. We note that the lasing spectra is red-
shifted relative to the SPP mode, which can also be explained with
recourse to the dispersion diagram. As SPR lies below the light line
in the dispersion relation, plasmonic modes have higher wavevectors
compared to free-space wavevectors. Hence, when SPP couples to the
radiative mode via EOT, there is a dip in wavevector, or inversely, an
increase in wavelength. Therefore, the lasing emission red-shifts from
the SPP mode. Furthermore, we note a small bump around 790 nm. A
fraction of the pump beam scatters forward through the DBR on the
transmission side.

4.3. Tuning emission spectra

Ahmed et al. showed that the emission wavelength of the studied
planar PNL can be tuned by changing the spacer TiO, layer thickness
(d;) and the incident angle (6;,.) of the pump pulse [15]. While the
emission wavelength red-shifts when d, increases, the emission wave-
length blue-shifts when 6, increases, which is contrary to what is
expected from conventional lasers where lasing emission is created
from resonating photonic cavity modes. Therefore, to understand the
tuning mechanism of a planar PNL with a 2-D NHA, we investigate the
excited modes and relate them with the output emission when 4, and
0;,c change.

Terminating TiO, layer thickness

The peak SPR wavelength 4, of a plasmonic structure is a function
of the surrounding dielectric media [38]. As the effective dielectric
constant of the ambient environment increases, red-shifting behavior
of the SPP mode is observed [39,40]. The effective dielectric constant,
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Fig. 6. The gain lineshape of IR-140 and the confined and emitted modal components
of the studied PNL. The surface plasmon mode has been calculated at the metal-DBR
interface and the radiative mode has been calculated at 1 pm away from the edge of
the metal layer.
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Fig. 7. The peak positions (4,,) of output emission and SPP modes as (a) spacer TiO,

layer thickness (d,) increases and (b) incident angle (6;,.) increases.

in turn, is positively correlated with the thickness of the dielectric layer:
The thicker the layer, the greater the dielectric constant. This phe-
nomenon can be explained with recourse to the local field theory [41].
Therefore, theoretically speaking, if the thickness of the spacer TiO,
layer increases, the SPP mode should red-shift and the lasing mode
should follow suit, given that the lasing emission principally depends
on the plasmonic mode.

This is exactly the pattern that emerges in Fig. 7(a) as the spacer
layer thickness d, increases. We find that A, for the SPP mode
increases from 824 nm to 921 nm, as d, varies from 145 nm to 255 nm.
Correspondingly, 4, for the lasing emission changes from 840 nm to
928 nm. However, the tunability range of .., for the lasing emission
is capped on both ends. No lasing is observed beyond either d; < 140 nm
or d, 2 260 nm. The change of location of A, of the SPP mode
with respect to the gain lineshape explains the vanishing of the lasing
emission. As d, varies, the SPP mode eventually shifts away from the
gain linewidth of IR-140 in both directions, which is shown by the
dashed green line in Fig. 7(a). Hence, the gain medium can no longer
compensate for the intrinsic loss of the PNL system and lasing emission
ceases.

Incidence angle of the pump pulse

The resonant wavelength of plasmonic modes also changes when
the incident angle of the pump pulse varies [16,42,43]. Zhou et al.
demonstrated in their nanocavity array-based plasmonic laser that
emission spectra blue-shifts from 913 nm to 850 nm when the incidence
angle increases from 0O to 40° [44]. We explore the physics of the
incidence angle-dependent tunability mechanism of the planar PNL
design studied in this work.
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We note that A, of both the lasing emission and the SPP mode
blue-shifts with the increase of 6;,., as shown in Fig. 7(b). The 4., of
SPP decreases from 866 nm to 831 nm as the incidence angle varies
from O to 35°. Likewise, the lasing mode blue-shifts from 879 nm
to 858 nm. Similar to the previous case, there is an upper limit for
tunability. No lasing is observed beyond the critical angle 6,,. = 35°
since the SPP mode strays too far from the peak of the gain emission
of IR-140 dye molecules. The reason behind the blue-shifting of lasing
emission can be qualitatively understood from the dispersion diagrams.
As 6, increases, plasmonic resonance moves to a larger wavevector k,
as can be seen from Eq. (6). With increasing kg, plasmonic mode shifts
to a lower 4, and consequently, the lasing emission blueshifts too.
We also note that the tunable range with the change in 6, is smaller
than that obtained with the change in d,.

We find that the SPP mode trails the lasing mode and always moves
in lockstep with the lasing mode. A red- or blue-shift of the SPP mode
produces a similar behavior for the lasing mode. This vital information
presents us with a scientific strategy to tune the emission spectra of
a PNL. Via this route, the emission spectra of PNLs can be tuned
proactively over a broad range.

5. Conclusion

In this work, we identified the constitutive elements of a plasmon-
mediated nanolaser. We isolated the SPP mode that emerges at the
metal-dielectric interface and found that the SPP mode is definitively
linked with the lasing emission in a planar PNL with 2-D metallic NHA.
The calculated dispersion relations explain the excitation of SPP modes
in the parallel plane PNL structure and the coupling between free-space
and surface-bound modes. Our detailed analysis showed that the SPP
mode is the critical determinant of lasing action of a planar PNL, which
can be used as a tool to tune the emission spectra as well. Although this
work deals with a planar PNL, similar behavior will evolve in nanowire-
and nanoparticle-based PNL designs as plasmonic modes will play a
more significant role in those designs.
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