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Near-infrared (IR) plasmonic lasers are a crucial stepping stone toward building sustainable nanoscale opto-
electronic circuitry. Nevertheless, plasmonic lasers are at their infancy, and optimized designs for improved
characteristics and novel applications are essential. We design an efficient plasmonic laser that simultaneously
works in the near-IR region as a surface- and edge-emitting laser with collimated far-field beam pattern. While
the surface emission is enhanced with a planar two-dimensional (2D) metal nanohole array (NHA) interfaced
with the gain medium, the edge emission is enhanced with a 2D array of grooves. Additionally, 2D NHA or
grooves on the metal layer collimate the far-field beam pattern of surface emission in the forward and backward
direction, respectively. By contrast, the edge emission diverges at the far-field with an angle-resolved beam
pattern from —90° to 90°. We propose and design a plasmonic collimator that uses groove-aperture nano-
structures carved on gold slabs mounted on the laser facet to collimate the far-field beam patterns for edge
emission. We determine the optimal dimensional parameters of the collimator. The optimized collimator pro-

duces a far-field beam that is focused to a narrow spot of 3° x 4° only.

1. Introduction

Plasmonic lasers are essential for their ability of miniaturization and
confining light within subwavelength dimensions [1,2]. Plasmonic la-
sers benefit from the excitation of plasmonic modes such as surface
plasmon polaritons (SPPs) and localized surface plasmons (LSPs) [3].
While the excitation of plasmonic modes lies within the core of such
lasers’ principle of operation, these modes often lead to a substantial loss
of energy within metal structures required to excite them [4]. Hence, the
efficiency of plasmonic lasers is a severe concern. The divergent far-field
pattern due to a wavevector mismatch between the plasmonic and
radiative modes is also a challenge to address for plasmonic lasers [5].
However, the far-field pattern of surface-emitting plasmonic lasers can
be improved using two-dimensional (2D) plasmonic structure arrays
that induce constructive interference between the propagating wave-
fronts at the far-field [6].

Planar-interfaced plasmonic lasers are usually optically pumped in
the direction normal to the gain medium [7]. They emit from surfaces
either in the forward or backward direction to the incident pump beam
while the excited SPPs propagate in the transverse plane along the
metal-gain medium interface. In a symmetric nanostructured metal-
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gain layer interface, SPPs propagate equally in both transverse di-
rections. While the excitation of plasmonic modes is crucially essential
to confine lasing light within the cavity, they incur massive loss since a
significant amount of energy is not transformed into radiative modes
[8,9]. To make a plasmonic laser efficient, we must minimize the loss
due to decaying SPPs. Therefore, either the coupling of light into SPPs
must be minimized, or the light coupled to SPPs must emit as a radiative
mode to increase the efficiency of plasmonic lasers. However, the first
approach is contrary to such lasers’ fundamental principle, and hence,
cannot be taken as a recourse.

Plasmonic modes can be decoupled into radiative modes from the
edges of an appropriately designed plasmonic structure [10].
Conversely, lasing light propagates in the axial or longitudinal direction
in the gain medium and couples out from the edges in an edge-emitting
laser. Flynn et al. reported edge emission from an axially-pumped planar
plasmonic laser where a gold layer sandwiched between two arrays of
quantum well stacks generates long-range SPPs [11]. The SPPs trans-
form into radiative modes and emit coherent lasing from the edge. Jin
et al. also proposed a high power edge-emitting plasmonic laser recently
[12]. A quantum cascade laser (QCL) ridge microcavity is split up into
several smaller cavities in their work. The SPPs propagating in each
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Fig. 1. (a) Perspective view of a parallel plane plasmonic laser with 2D NHA. Five alternating layers of TiO, and MgF, superposed on an extra spacer layer of TiO,
form the 1-D PhC. The device is pumped from the PhC-end and emits from the NHA as well as all four sides of the device. (b) Schematic illustration of an IR-140
embedded gain medium interfaced with a gold layer perforated with 2D NHA. The 170 nm x 170 nm nanoholes are separated from one another by 350 nm on

both directions.

cavity are synchronized with one another via phase-locking with an
overarching hybrid plasmonic wave sustained in the medium sur-
rounding the cavities. This configuration results in a constructive
interference effect along the direction of edge emission. Although much
research has been conducted on edge-emitting semiconductor lasers
[13-15], similar endeavors in the field of plasmon-mediated lasers have
been scarce, notably nothing of those emitting simultaneously from the
surface and the edge.

This work shows that the excited in-plane SPPs of a parallel plane
plasmonic laser with 2D nanohole array (NHA) can induce lasing from
the edges in the transverse directions. Such an approach of exploiting
SPPs for edge emission, in addition to the usual surface emission, will
decrease loss, and hence, increase the lasing efficiency. We design a
parallel plane plasmonic laser that emits from the surface and edge
simultaneously. We also develop design principles to optimize the sur-
face and edge emissions. Although the edge-emission intensity is smaller
than the surface-emission intensity, we can improve the former
following a systematic design principle, as presented in this work. The
surface-emission intensifies when metal nanoholes are equally spaced in
both transverse directions, inducing SPPs in both transverse directions
equally and resulting in a constructive interference of the radiative
modes at the far-field. By contrast, the edge emission enhances when
metal nanoholes have unequal periodicity in the transverse directions,
suppressing SPPs in one and exciting in the other transverse direction.
We show that the number of nanoholes in the metal layer determines the
surface emission and an increase in the number of nanoholes converges
the far-field pattern. On the other hand, the edge emission does not
depend significantly on the nanoholes’ number in the metal layer.
Additionally, the edge emission enhances when an array of grooves re-
places the 2D NHA.

We show that the diverged far-field pattern of edge emission can be
engineered and improved by employing a groove-aperture plasmonic
collimation scheme. We use the particle swarm optimization (PSO)
technique to determine the optimized collimator parameters. The opti-
mized structure collimates the edge emission far-field to a spot of 3° x 4°
only. This work also shows how a plasmonic laser can be optimized for
either surface emission, edge emission, or both. The presented analysis
will be crucial for developing plasmonic lasers, especially in an opto-
electronic circuit where the added benefit of emission from multiple
facets can be helpful.

The rest of the paper is organized as follows: Section 2 presents the
planar plasmonic laser and the simulation approaches. Section 2 also

shows and discusses the surface- and edge-emission spectra with a dis-
cussion about the relation between the edge emission and the incident
pump intensity and population dynamics. Section 3 presents the
reconfiguration of the laser structure and replacement of the 2D NHA by
grooves for enhanced edge emission. Section 4 discusses the edge-
emission far-field pattern and our approach to engineer it for conver-
gence. Finally, Section 5 draws conclusions on the findings.

2. Surface- and edge-emitting plasmonic laser
2.1. Structure and simulation approach

The plasmonic laser shown in the schematic illustration of Fig. 1 is
promising for its ability to produce efficient lasing and collimated far-
field pattern [6]. The laser structure uses a 2D NHA interfaced with
the gain medium to induce plasmonic modes and an enhanced pump-
gain medium interaction. A metallic NHA underneath and a one-
dimensional (1D) photonic crystal (PhC) atop the gain medium help
the lasing emission couple to the forward direction with respect to the
incident pump beam, i.e., in the negative z-direction, as shown in Fig. 1.
The 2D symmetric NHA also helps to achieve a converged far-field
pattern. The structure is illuminated from above with a normally inci-
dent, ultra-short 40-fs plane wave pulse, centered at 800 nm.

The finite difference time domain numerical technique has been used
to solve Maxwell’s equations to determine the dynamics due to the
incident pump beam on the gain medium and the lasing emission. A
mesh size of 10 nm has been used in the simulations of this work
throughout the simulation domain except a small region around the
metal-gain medium interface, where a finer mesh of 3.5 nm has been
used to capture the effect of plasmonics better. The simulation domain is
6 pm in the z-direction, including the pump and the entire laser struc-
ture. A section of the structure containing seven nanoholes in the x-di-
rection and one nanohole in the y-direction has been simulated. The
Bloch boundary condition has been applied in the y-direction and
perfectly matched layer boundary condition in the x- and z-directions.

The gain medium is composed of polyurethane (PU) material
embedded with IR-140 dye molecules. We model the IR-140 fluorescent
molecules employing a four-level two-electron model [16]. We model
the frequency-dependent optical properties of different layer materials
using a multi-coefficient model, which yields a better fit than the con-
ventional Lorentz-Drude model [17]. The optical constants of the layer
materials and the lifetimes of the gain medium electronic states are
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Fig. 2. Surface-emission spectrum in the forward direction and edge-emission
spectrum from one of the edges.

taken from Ref. [6]. The layer thicknesses and other dimensional pa-
rameters of the structure are the same as described in Refs. [6,7].

2.2. Surface emission

The parallel plane interfaced plasmonic laser of Fig. 1 produces
efficient surface emission in the forward direction. The surface-emission
characteristics of such a plasmonic laser have been investigated in Refs.
[6,7]. Here, Fig. 2 shows a near-field surface-emission spectrum in the
forward direction. We find that the laser has a surface-emission peak at
875 nm in the forward direction with a suppressed pump beam centered
at 790 nm.

2.3. Edge emission

Now, since such a plasmonic laser couples lasing light to SPP modes,
there will be significant energy propagating along the metal-gain me-
dium interface. The SPPs that reach the edges of the structure may
decouple to radiative modes [12]. Therefore, it is worthy of investi-
gating whether the parallel plane plasmonic laser with a 2D NHA emits
light from the edges, although primarily designed for lasing from the
surface in the forward direction. We calculate the near-field light in-
tensity that crosses through an x-z or y-z plane at a distance of 0.5 pm
from the plasmonic laser’s edges in the transverse direction. Fig. 2 shows
the near-field emission spectrum from one of the edges. We note that the
laser emits significantly from one of the edges, although not as strongly
as from the surface in the forward direction.

The emission spectrum from the edge is red-shifted from that of the
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surface. While the peak of surface emission occurs at 1o = 875 nm, the
edge-emission mode is centered at 4o = 876 nm. The surface- and edge-
emission spectra are different since the two radiative modes originate in
response to slightly different surface-bound modes. The edge emission
evolves from the direct conversion of SPPs from the metal-gain medium
interface, while the gap plasmon modes excited inside nanoholes
contribute to the surface-emission mode [18]. We note that the pump
energy emits more from the edge than from the surface. The pump pulse
is suppressed in the forward direction due to the 1D PhC Bragg reflector.
Also, the edge-emitting peak is approximately 90% smaller than the
surface-emitting peak, and its linewidth is relatively far more diffuse,
showing a lack of spectral coherence.

2.3.1. Population inversion and lasing threshold

Although there is noticeable emission from the edge, it requires
further investigation to determine whether the emission is due to the
lasing action. Therefore, the relation between the edge emission and the
population inversion of the gain medium has been investigated here.
The dependence of the edge emission on the threshold pump intensity
has also been examined. Fig. 3(a) presents the pump pulse and the
generation of lasing from one of the edges. The lasing emission lags
behind the pump pulse as the build-up of population inversion requires
time. Fig. 3(a) also shows the normalized population dynamics of the
lower and upper lasing levels, N; and N-, respectively. The population
inversion occurs at t ~ 85 fs and becomes steady at t ~ 400 fs after the
initial transient dynamics decay. The dependence of the edge emission
on the pump pulse and population inversion indicates that it is indeed
lasing emission.

This work also investigates the change in edge-emission intensity
(Iegge) with input pump intensity (Ium,) to determine the threshold
behavior, which is another phenomenon exhibited by a lasing emission.
Fig. 3(b) shows that Ig. ~0 when Iynp3S2 pW/cmz. However, for
Toump > 2 pW/ cm?, Iegge rises sharply with Ium, up until a critical value of
20 pW/cm?. For Ly, > 23 pW/cm?, Lq.e begins to saturate, which is a
characteristic of lasing action. When compared to surface emission, the
edge emission requires much greater pump energy to obtain equal
intensity.

2.3.2. Far-field profile

The far-field pattern of surface emission from a parallel plane plas-
monic laser with 2D NHA converges to a narrow spot of 1°x1° only [6].
The surface emission also converges to a single dominant lobe at the far-
field, collimating the energy significantly. By contrast, the far-field
pattern of the edge emission is quite diverge, as shown in Fig. 4. We
find that, in the vertical z-direction, the divergence angle () spans the
entire range from —90° to + 90°. The 2D field profile shows energy
being dispersed among several lobes along the vertical line, which is also
evident from the angle-resolved far-field profile. However, in the lateral
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Fig. 3. (a) Time-resolved evolution of the pump pulse, edge emission, and normalized population densities of lower (N;) and upper lasing levels (N3). (b) Edge-

emission intensity (Lae) Vs. incident pump intensity (Ipump)-
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Fig. 4. (a) Far-field intensity (|E|?) distribution of the uncollimated beam at lasing wavelength 1, = 876 nm. Here, u; and u, correspond to the y- and z-axis,

respectively, at the far-field, (b) far-field |E|* against divergence angle (6) in the x- or y-direction, and (c) far-field |E|*> against 6 in the z—direction.

Fig. 5. Schematic illustration of restructured NHA. The nanohole periodicity in
the x- and y-directions, i.e., A, and A,, are different.

x- or y-direction, the edge emission converges to ~3° only.

3. Structure design for enhanced edge emission

The symmetric NHA have been helpful for the mediation of
extraordinary optical transmission through the nanoholes. However, it
is not conducive to edge-emitting lasing action, since that would imply
free-space radiation from all four edges of the structure, making the laser
severely inefficient. Therefore, the structure shown in Fig. 1 needs
redesigning for efficient edge emission, in addition to the surface
emission. In this work, we take as recourse two approaches to enhance
the edge emission. The first one is to change the periodicity of nanoholes
to excite SPPs in one direction and suppress in the other. The second
approach is to replace the periodic nanoholes by periodic grooves.

3.1. Restructuring NHA

This work aims to efficiently generate SPPs along the x-direction to
enhance the edge emission in that direction. At the same time, the SPPs
are expected to be suppressed along the y-direction to minimize loss.
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Fig. 6. Emission efficiency of vertical and edge-emitting modes plotted against
the number holes (ng) in the x-direction.

Such directional SPP excitation requires that the grating period (A,) in
the x-direction be equal to the SPP wavelength (ispp), i.e., Ax = Aspp
[19]. This momentum-matching condition ensures that illuminations
scattered across different holes interfere constructively with each other,
thus increasing the efficiency of SPP excitation. The plasmonic peak
sustained by the IR-140 dye molecules in this design is Aspp = 870 nm
[6]. Therefore, we choose A, = 870 nm and keep the NHA periodicity in
the y-direction the same as before, i.e., Ay, = 350 nm, as schematically
shown in Fig. 5. The changes in the nanohole periodicity should limit the
quadridirectional emission to bidirectional emission along the x-axis.
Next, we determine the number of nanoholes (ny) along the x-di-
rection that optimizes both surface and edge emissions. Too few holes
would result in a weak surface emission, while too many of them would
fail to contribute to the edge emission due to the short propagation
length of SPPs [20]. Fig. 6 presents the lasing efficiency for both surface-
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significant portion of the pump energy scatters to the output on both
occasions, a Gaussian filter centered at 4o = 875 nm is used to separate
the lasing mode. Then the lasing mode is spectrally integrated to get the
lasing power. Finally, the lasing efficiency is calculated by dividing the
wavelength-normalized lasing power by the wavelength-normalized
input pump power. We note that the surface-emission efficiency in-
creases sharply for ny > 3, since the spherical wavefronts emanating
from each nanohole would interfere constructively to produce a spec-
trally coherent lasing mode [6]. The surface-emission efficiency does not
change much for ny > 7. By contrast, the edge-emission efficiency rises
monotonically up to ny = 7, remains relatively constant through ny =
11, and then declines to a saturation level of ~28%. The dependence of
edge-emission efficiency on ng can be explained by the fact that near-IR
SPP waves traveling along a gold-dielectric interface have a propagation
length of ~2.5-5 pm [21]. Hence, the edge emission is not significantly
impacted by SPPs propagating from distant holes. We also note that ny
works as a non-dynamic structural parameter to switch lasing from a
surface-emitting operating mode to an edge-emitting operating mode,
with ny = 7 through 11 functioning as critical values to optimize both
emissions. Hence, since the laser produces a slightly better overall result
with ng = 11,ny = 11 has been chosen for the design and used in the
calculations presented hereafter.
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Fig. 10. Three-dimensional schematic illustration of the groove-aperture gold slab collimators mounted on the plasmonic laser’s edge facet. (b) Cross-sectional view

in the x-z plane showing different dimensional parameters of the collimators.

3.2. Replacing NHA by grooves

Now, the NHA is replaced by 2D periodic grooves filled with the gain
medium, as schematically shown in Fig. 7. In the case of grooves, the
metal layer is continuous throughout on the x-y plane. It does not let the
incident light pass through it; instead, it reflects a significant part.
Hence, using grooves instead of nanoholes shuts off the lasing in the
forward direction but enhances backwards. The distributed Bragg
reflector designed in this work also enhances the lasing in the backward
direction. Additionally, grooves in the metal-dielectric interface reduce
the wavevector mismatch between the radiative and surface-bound
modes, resulting in the efficient generation and greater outcoupling of
SPPs from the edge of the laser structure [22]. Fig. 8 shows lasing
emission spectra from surface and edge with NHA and grooves. We note
that grooves instead of NHA increase the lasing intensity both from
surface and edge. The surface emission in the backward direction with
grooves is stronger than that in the forward direction with NHA. The
peak surface-emission wavelength in the backward direction with
grooves is 867 nm, blue-shifted from that in the forward direction with
NHA. We also note that the edge-emission intensity with grooves is
significantly greater than that with NHA. Furthermore, the edge-
emitting mode shows a relatively narrower linewidth than the surface-
emitting mode. We also find that a significant fraction of the pump
pulse accompanies the surface emission in the backward direction due to
the Bragg mirror reflecting the pump pulse. The edge-emission output,
on the other hand, almost does not include any pump energy.

The groove depth (d;) presents another tunable parameter to opti-
mize surface and edge emissions. We have investigated the frequency-
resolved |E|* distribution against dy, as shown in Fig. 9. As d, in-
creases, the surface emission starts strongly and then tapers off with a
slight red-shifting behavior. This is because the surface emission in this
plasmonic laser is mainly derived from SPP waves reflected from the
array of grooves [23]. Planar SPP waves couple to gap plasmon modes
inside the grooves and then re-radiate into free-space, having undergone
a small red-shift with increasing groove depth. On the other hand, the
edge emission is derived primarily from the direct outcoupling of SPPs.
Therefore, no red-shifting is observed in the edge emission. We also find
that the electric field intensity of reflected light is stronger at smaller
wavelengths.

The edge-emitting mode centered at 4y = 870 nm manifests reverse
characteristics. The edge emission is relatively weak for d;$30 nm, and
then it starts to get stronger. The edge-emission intensity is most

vigorous when d; is between 65 and 95 nm. We note that the location of
the strongest surface-emission intensity does not coincide with that of
the strongest edge-emission intensity. This non-overlapping character-
istic of intense surface and edge emissions provides us with another
structural parameter to switch between the two distinct modes of
operation. However, d, = 35 nm has been chosen in this work for
simultaneous surface and edge emissions since this groove depth offers
concurrent optimum radiation for both emissions.

4. Far-field collimation for edge emission
4.1. Collimator design

Conventionally, a meticulous arrangement of optical devices such as
refractive lenses and mirrors can shape the far-field beam pattern [24].
However, such optical components are bulky and limit the fundamental
purpose of compactness of plasmonic lasers. Hence, it is desirable to
have a plasmonic laser with built-in beam collimation mechanisms.
Here, a metallic groove-aperture plasmonic collimator has been pro-
posed to be mounted onto the facet of the designed plasmonic laser to
shape the far-field edge-emission beam pattern. Periodic textures sur-
rounding a central slit on a metal slab can engineer the far-field pattern
of edge-emitting light [25,26]. To date, such collimators have only been
employed to shape the far-field laser beams of mid-IR and terahertz
QCLs [27-29]. However, they have never been used in plasmonic lasers
operating in the near-IR regime, making this work the first of its kind.

This work employs a groove-aperture structure carved on gold slabs
integrated with the laser facet for collimating the far-field beam profile,
as schematically shown in Fig. 10. An array of gold slabs—aligned with
the grooves in the y-direction—cover the laser’s entire lateral facet. An
aperture exposes a portion of the gain medium and the metal-gain me-
dium interface in each gold slab. The gold layers have symmetrical in-
dentations on both sides of the central slit, as shown in Fig. 10(b). For
the ease of integrating the gold slab collimators with the laser facet,
additional PU layers are used beneath the gold layer and atop the PhC,
which serve as a foundation onto which the gold slabs can be mounted.
Without the dielectric padding layers above and below the core laser
structure, the collimators would be suspended in air, making it a severe
complication for the fabrication of the device.

In the longer wavelength limit, surface plasmons weakly couple to
the metal-dielectric interface. These poorly confined plasmons are
alternatively known as Zenneck waves, which are unsuitable to the task
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Table 1
Optimal parameter values for the groove-aperture plasmonic collimator.
Parameter Range Considered Optimal Value
Groove periodicity (p) 750 nm < p <900 nm 845.80 nm
Groove height (h) 20 nm < h <100 nm 50.21 nm
Groove depth (d) 20 nm <d <100 nm 20 nm
Aperture height (k') 50 nm < h' <150 nm 50.21 nm
Aperture depth (d) 100 nm < d < 400 nm 225 nm
Aperture width (w') 100 nm < w < 350 nm 200 nm
Collimator width (w) 200 nm < w < 350 nm 205 nm
Grooves on each side (n) 1<n<5 3

of plasmonic lensing. Hence, SPPs are recovered from Zenneck waves
before plasmonic collimators can collimate the far-field beam pattern of
mid-IR QCLs [30]. However, plasmonic lasers emitting near-IR light do
not need such dispersion engineering because of the strong surface-
bound nature of SPPs in the near-IR wavelength range [21].

The outgoing radiation via the aperture couples to surface plasmons
that propagate along the metallic grating in the z-direction. The colli-
mator groove periodicity (p) must be comparable to the emission
wavelength (1¢). As a result, the reradiated light waves from grooves
reach the far-field in phase and interfere constructively to produce a
highly focused central lobe [26]. The collimator groove height (h) and
depth (d) need to be of deep subwavelength dimensions while the
aperture height (h'), depth (d ), width (w'), and the collimator width (w)
should be subwavelength for efficient wavefront engineering [26].
Additionally, the number of grooves (n) on each side of the aperture
lends itself to tunability.

4.2. Optimized collimator

Since the output emission simultaneously depends on several pa-
rameters of the designed collimator, we have used the PSO technique to
determine an optimal set of values for these structural dimensions. PSO
is a robust, stochastic technique and has been extensively utilized in
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optical-geometric design-related problems [31,32]. The PSO algorithm
converges on optimal solutions for a limited number of parameters by
maximizing or minimizing a single figure-of-merit (FOM). Here, an
optimized far-field emission requires a minimized full-width at half-
maximum (FWHM) of the vertical divergence angle (6,.) and a maxi-
mized far-field peak intensity (Ec.) simultaneously. Therefore, an FOM
can be defined to optimize the far-field edge-emission properties of the
plasmonic laser, as given by
0\«’6[[

FOM = —= | (@)
loglolEpeﬂk|

While minimizing the FOM of Eq. (1), the PSO algorithm minimizes 6y
and maximizes E,... Since the collimator grooves are arranged in the
vertical z-direction, the resulting collimation will be along the z-direc-
tion. The far-field pattern of the designed plasmonic laser’s edge emis-
sion is already converged in the lateral direction. Therefore, 1D
collimation in the z-direction is the objective in this work. Otherwise, a
2D plasmonic collimator can be used to achieve collimated far-field in
both the vertical and lateral directions [29].

In this work, the PSO algorithm has been run over a broad range of
the entire parameter set to determine the optimum parameter values
that offer minimum FOM. The optimal parameters, along with the range
considered for PSO, are given in Table 1. The collimators, designed with
the optimal set of parameters, achieve a directional far-field pattern.
Fig. 11(a) reveals that the far-field converges at an off-normal angle,
which is typical for groove-aperture based collimation [33]. We also
note from Fig. 11(b) that the lateral divergence pattern remains essen-
tially identical. In contrast, Fig. 11(c) exhibits a significant change in
convergence in the vertical direction with the use of collimators. FWHM
of the principal lobe is ~4°, a nearly 45-fold reduction from the uncol-
limated beam. Furthermore, none of the secondary lobes exceeds 12% of
the peak intensity, resulting in a small optical background [30].

4.3. Effects of groove parameters

The PSO Algorithm converges on an optimal solution set containing a
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Fig. 11. (a) Far-field |E|* distribution at lasing wavelength with the optimized groove-aperture collimators. The inset reveals a 3°x4° beam spot. (b) Lateral
divergence pattern in the y-direction and (c) vertical divergence pattern in the z-direction.
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Fig. 12. The divergence angle (6,.) against the number of grooves on each
side of the aperture (n).
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Fig. 13. FOM against the variations of groove height (h), depth (d), and peri-
odicity (p).

local minimum for each parameter within a specified tolerance limit. In
other words, the PSO algorithm is not infinitely efficient, and there is a
satisfactory resolution within which it operates. Hence, there might be
limited scope for improvement if a finer resolution is used. In this sec-
tion, the effects of the individual groove parameters on the far-field
collimation have been analyzed. It is worth noting that the groove pa-
rameters are significantly more critical in determining the far-field
convergence than the aperture parameters [27].

In the groove-aperture plasmonic collimation approach, the
convergence of the lasing emission depends on the number of grooves
used on the collimator on each side of the aperture [29]. Conversely, the
groove-aperture collimator, and hence, the laser structure becomes
bigger as n increases. Hence, n is a crucially important parameter and
requires an investigation to determine its effects on the collimation of
the far-field beam pattern. Fig. 12 shows that 6, decreases drastically
when n = 3 and does not change noticeably for n > 3. The fact that the
far-field does not converge further with n > 3 can be attributed to the
fast degeneration of near-IR SPP waves propagating along the gold-air
interface beyond 2.5 pm [34]. Since n > 3 grooves fall beyond this
critical length, they fail to significantly participate in the far-field beam
shaping.

Fig. 13 shows the variation of the FOM as the groove parameters,
such as height (h), depth (d), and periodicity (p), are varied. While one of
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the parameters is varied, other parameters are kept at their optimal
values. FOM due to groove height remains relatively fixed up to h = 60
nm, and then it sharply increases. Similarly, the groove depth yields a
smaller FOM up to d = 80 nm, beyond which FOM increases drastically.
On the other hand, FOM shows only a slight dependence on groove
periodicity. So long as p is reasonably close to the emission wavelength
Ao, satisfactory collimation is achieved. The values of the groove pa-
rameters at which the lowest FOM occurs match closely with those ob-
tained by running the PSO algorithm, validating the optimized
collimator designed using the PSO algorithm.

5. Conclusion

The near-IR planar plasmonic laser presented in this work manifests
simultaneous surface- and edge-emitting lasing action. The edge emis-
sion from the designed planar plasmonic laser is found to be a lasing
emission, although smaller than the surface emission when a 2D NHA is
interfaced with the gain medium. A restructured plasmonic laser with
the 2D NHA replaced by grooves enhances the edge emission. However,
the edge emission is generally too diverge. A groove-aperture carved
gold slab collimator has been designed and optimized to converge the
far-field edge emission to only a 3° x 4° spot. The simultaneous surface
and edge emission from the designed plasmonic laser will open avenues
for novel applications in nanoscale optoelectronic circuitry. The pro-
posed plasmonic collimation for such nanoscale lasers will be essential
for keeping the plasmonic lasers’ dimensions within the nanoscale range
and achieving a sharply converged edge-emission far-field beam pattern.
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