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Abstract

In this work, we propose room-temperature plasmonic crystal based nanolaser with
low divergence emission. Usually, performance of nanolasers based on plasmonic
crystal nanocavity is affected by a couple of issues: coupling of lasing emission to
both reflection and transmission side of the device and multiple diffracted orders of
lasing emission. In our proposed nanolaser design, we have overcome these bottlenecks
to substantially increase the emission intensity and efficiency. Our proposed structure
consists of periodic apertures in thin metallic film. In this design, feedback action
necessary for lasing action is provided by localized hole resonance of the nanohole
array. To improve the lasing intensity and efficiency, a one dimensional photonic
crystal is incorporated on top of the metallic nanohole array. Under optical pumping,
this photonic crystal structure excites optical Tamm states in the locality of the metal
hole array. Field enhancement due to Tamm state results in pronounced amplification
of extraordinary transmission leading to substantially increased lasing emission in
near-IR wavelength. Moreover, the photonic bandgap of the crystal selectively guides
laser emission towards the transmission side of the device. Due to sub-wavelength
lattice period of the nanohole array, lasing emission is confined only to the zeroth
order of diffracted mode. Resonant emission through each of the holes in periodic
array interfere constructively to produce narrow-beam emission with low divergence
in the direction normal to the nanolaser surface. Besides, emission peak wavelength of
this nanolaser can be tuned in real-time by changing the angle of incidence. Moreover,
the laser emission wavelength can be engineered over a broad range of wavelength by

changing thicknesses of the photonic crystal layers.



Chapter 1

Introduction

In search of faster, smaller, and cheaper computational and communication tools,
semiconductor devices research has undergone a number of breakthroughs. However,
we have noticed that miniaturization of electronic devices is reaching is physical lim-
its.  With transistors of few nanometer dimensions, further reduction in size leads
to exponential increase in fabrication cost and difficulty. As a result, keeping up
with Moore’s law is becoming increasingly challenging. To cope with this problem,
researcher are looking into replacing electrons by photons of light. Doing so opens up
multitudes of approaches to achieve faster speed and smaller size.

Computation and communication with light has the potential of breaking the bar-
riers of current electronics. We have seen recent surge in the field of optical integrated
circuits where photonic analog of electrical and electronic elements are implemented.
For such devices, we need a coherent source of light, which has bolstered the research
in the field of lasers. Laser technology has evolved from gas laser to semicondcutor
p-n junction lasers. After that, double heterostructure, quantum dot. quantum cas-
cade lasers have been implemented [1]. Significant improvement in laser performance
was brought about through discovery of distributed feedback lasers, vertical cavity

surface emitting lasers, photonic crystal lasers, and many other types of lasers [2]. In
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each of iterations of laser research, researchers have pursued to make the dimensions
of lasers as small as possible. However, the laser structure consisting exclusively of
dielectric material are fundamentally constrained by the diffraction limit. In other
words, there is a physical limit that prevents such lasers to be smaller than half of
the wavelength of operation [3]. To overcome this limit, novel waveguiding mech-
anism capable of coupling electromagnetic energy within subwavelegnth dimensions
was explored. This endeavor has ushered in a new era of nanolasers using plasmonic
or metal-optics. In this work, we present design and analysis of such a nanolaser
based on plasmonic phenomena which can act as a nanoscale coherent light-source

operating beyond diffraction limit.

1.1 Plasmonic Nanolaser: Current Progress

Plasmonics is a natural choice for coupling photons in nanoscale dimensions. Sur-
face plasmon polariton (SPP) modes propagate along a flat metal-dielectric interface
typically at visible or infrared wavelengths. Apart from flat metal-dielectric inter-
face, other metal structures- metallic nano-particles, grooves, holes, gaps, and slits on
metal films- can couple plasmonic mode. This plasmonic mode propagates via reso-
nant energy transfer between electromagnetic wave and charge density wave in metal.
Interaction with free electrons in metal causes plasmonic waves to dissipate energy
which leads to exponential decaying along the propagation direction. This metallic
loss is a fundamental property of plasmonic modes. To achieve lasing emission from
plasmonic structure, the gain medium has to overcome these metallic losses.

The feasibility of stimulated emission from plasmonic structure was first theo-
ritically proposed in 2003 [4]. It took until 2007 to experimentally demonstrate

leasing in near infrared region using metallic structure [5]. This structure utilized
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semiconductor-insulator-metal core-shell structure with electrical injection to pro-
duce lasing emission. Such structures supported hybrid mode with reasonable Q at
the cryogenic temperature (77 K). Since then, various types of plasmonic nanolasers
have been demonstrated and proposed.

A number of plasmonic laser and surface plasmon amplification structure is based
on prism and grating coupling [6, 7]. First SPP lasing emission at optical wavelength
was demonstrated using widely-known Kretschmann structure structures comprising
39 nm and 67 nm thick silver films on BK7 prisms with the other silver surface
being in contact with the gain medium. The gain medium used in this device was
Rhodamine 101 and cresyl violet in ethanol solution [8]. Similar structure, but with
gain medium comprising a 10 pm thick layer of poly(methyl methacrylate) (PMMA)
was also reported to produce visible light stimulated emission [9)].

Plasmonic lasing is also demonstrated on CdSy nanowire placed on Ag plate cov-
ered by Silica spacer layer. This structure facilitates occurrance of Fabry Perot mode
along the longitudinal direction and confinement along radial direction though cou-
pling of hybrid photonic-plasmonic mode. Lasing was observed around 490 nm under
optical pumping in both room temperature and cryogenic temperature [10]. Similar
structure with CdS, patch on top of Ag-SiO, was also reported by the same research
group. Room temperature multimodal lasing was achieved when this device was op-
tically pumped with Ti:sapphire laser [11]. Field localization of energy in cylindrical
structures such as metal rods, or dielectric rods clad by a metal sheath has also
been observed. SPP propagation in such structures with gain material has also been
reported recently [12].

A number of plasmonic laser based on extraordinary transmission of light oper-
ating in optical communication wavelenth has been proposed in last few years [13,
14]. In such structures, semiconductor gain medium deposited on top of metallic

hole array provides loss compensation. Lasing emission at visible wavelength has also
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been reported using Ag metallic hole array and R101-PVA gain layer [15]. Apart
from nanohole array, other kinds of plasmonic crystals have been reported to produce
lasing emission. In 2013, Zhou et. al. reported room temperature surface normal
lasing action in strongly coupled plasmonic nanocavity array due to excitation of
band-edge lattice plasmon modes [16]. Au nano-particle array surrounded by organic
gain material (IR-140) produced lasing emission in near-IR regime. Similar structure
using plasmonic bow-tie antenna was reported to produce lasing emission [17]. Off
normal lasing emission from similar structure with plasmonic nanodome array has
been studied as well [18].

Metal nano-particles shows exhibits resonant plasmonic modes known as localized
surface plasmon resonance(LSP). The strength and spectral position of LSP depends
on shape, size and composition, and also on the surrounding dielectric medium. Nogi-
nov et al. demonstrated lasing emission occurring in the wavelength around 530 nm
with Au nano-particles of 14 nm diameter. These nano-particles were enclosed by dye
doped silica shell. Resonant energy transfer between the localised surface plasmon

and dye molecules contributed to the lasing emission[19, 20, 21|

1.2 Challenges in Plasmonic Nanolaser Design

In last decade, much work has been done in the field of plasmonic nanolaser. How-
ever, there are a number of aspects plasmonic nanolaser research that needs to be
addressed. Firstly, most of demonstrations of plasmonic nanolaser mentioned in the
preceding section involves optical pumping. There are relatively few number of re-
ports of electrically pumped surface plasmon laser. For ubiquitous application in
photonic integrated circuits and many other applications, optical pumping poses the
engineering challenge to include another light source to pump the laser. Another

fundamental issue with plasmonic laser is the associated Ohmic loss. Due to this
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loss, Q factor of the plasmonic nanocavity cannot reach very high values. As a result,
spectral coherence of the lasing emission suffers and material supporting high gains
to compensate these losses is required. Another issue for such lasers is the divergence
of emission. In many applications, spatial coherence from laser emission is essential.
However, when plasmonic modes couple to free space radiation, it shows significant
divergence. Minimizing divergence of emission is another active research topic for
such lasers. Room temperature operation is another issue for nanolasers. The first
few experimental demonstrations of plasmonic laser was conducted in cryogenic tem-
peratures. In recent years, organic gain mediums have facilitated room temperature
operations of such devices.

Despite the challenges, plasmonic laser shows great prospect as coherent source
of light with nanoscale dimensions. Since the first demonstration, nanolaser research
has made great strides in improvement of laser performance. In this thesis, we present
our work as an incremental advancement towards tackling some of the challenges and

bottlenecks of plasmonic nanolaser.

1.3 Overview of Thesis

In the following chapter, brief overview of plasmonics is provided. Firstly, Drude
model of metal is formulated which is essential for understanding of the existence of
plasmonic modes. It is followed by discussions on surface plasmon polariton modes
and localized surface plasmon modes. These modes are essential for operation of
plasmonic crystal based nanocavities employed in our prosposed nanolaser design. We
look into the dispersion and excitation methods of these plasmonic modes. We also
discuss a number of applications and challenges of research in the field of plasmonics.

In chapter 3, discussions on numerical techniques utilized in this work are pre-

sented. The full field vectorial simulator used in this work is based on finite difference
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time domain (FDTD) method. We discuss the numerical model used for modeling the
laser gain medium. To verify the consistency of the numerical methods, we have sim-
ulated a simple photonic cavity laser. We also discuss few important considerations
for passive and active device simulations.

In chapter 4, we present our design methods of designing the plasmonic laser. We
discuss how plasmonic nanolaser cavity provides feedback and how it differs from con-
ventional photonic cavities. We also discuss different types of nanocavities in recent
reports. Design considerations for plasmonic nanocrystal based cavity is presented.
We study how extraordinary transmission can be tuned by different design parame-
ters. To achieve optimal nanocavity performance, we explore extraordinary transmis-
sion in conjunction with optical tamm states. These optical phenomena have been
utilized in our proposed nanolaser design. We have included the results obtained from
the numerical study of these phenomena with different types of structures. Guided
by the findings presented in this section, we finally designed a plasmonic nanocavity
demonstrating optimal performance.

In chapter 5, we present the performance of proposed nanolaser structure. In the
proposed nanocavity, 1D photonic crystal is added on top of the metallic nanohole
array. We present the results and findings of the active structure in response to optical
pumping. We have systematically investigated the emission properties as different
design parameters were varied. Finally, analysis on the improvements observed in the
emission characteristics and far-field radiation for our proposed structure is presented.

In chapter 6, we present our conclusions of this work on efficient plasmonic
nanolaser design. We also present scopes of future works and possible next steps

to further improve the performance of the proposed nanolaser.



Chapter 2

Plasmonics

Free electron gas of metals exhibit macroscopic oscillation under proper excitation.
The quantized oscillation of free electron plasma is called plasmon. Surface plasmon
polariton and localized surface plasmon- both modes have proved pivotal in various
photonic applications. Understanding both of these phenomena is essential for design-
ing our proposed nanolaser device. In this section, we briefly discuss fundamentals of
plasmonics both quantitatively and phenomenologically.

A neutral gas of heavy ions and light electrons is called a plasma. Metals and
heavily doped semiconductors can be treated as plasmas because they contain equal
numbers of fixed positive ions and free electrons. The free electrons experience no
restoring forces when they interact with electromagnetic waves. This contrasts with
bound electrons that have natural resonant frequencies in the visible or ultraviolet

spectral range.

2.1 Dielectric Function of Metals

The optical properties of metals can be explained by a plasma model for a broad range

of wavelengths. For alkali metals, this range extends up to the ultraviolet, while for
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noble metals inter-band transitions occur at visible frequencies, limiting the validity
of this approach. In this model, a number of interactions like lattice potential and
electron-electron interactions are not taken into account. The significant contribution
of such interaction in metal dynamics causes the deviation of metal response from that
of plasma. In such cases, Drude model can provide much more accurate representation
of metal. In this model, oscillation of a free electron is to be considered under the
influence of an AC electric field of an EM field. The equation of motion for the
displacement x of the electron is given by
d*x dx

Mo~y + Moy = —eE(t) = —eEyexp(—jwt). (2.1)

Here, w is the frequency of light. The first term represents the acceleration of the
electron, while the second is the frictional damping force of the medium. The term
on the right hand side is the driving force exerted by the light. Solving this equation,
we can get the displacement, x(¢). This displacement is related to polarization P
of metal. Moreover, as we know from the definition of electric displacement, D =
el = egFF + P. Here, ¢, is the relative permittivity of metal. With mathematical

manipulations, we can write permittivity in the following concise form:

2

w

e =1-— 2—p,, (2.2)

w* + Jyw

where,
Ne?
2

= . 2.3
= T (2.3)

For a lightly damped system, €, can be assumed to be
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Drude model is essential for understanding the mechanism of surface plasmon polari-
ton and localized surface plasmon modes. However, it is important to keep in mind
that its accuracy is much better in the infrared regime compared to that in the visible
range. The reason is that the Drude model only accounts for the contribution of the
free electrons in the conduction band. When the frequency increases, multiple new
absorption channel opens up, which results in significant deviation in response from
Drude model. Nevertheless, Drude model is sufficient for discussion of dispersion of

surface plasmon modes to be discussed in the next section.

2.2 Surface Plasmon Polariton

An interesting phenomenon occurs at metal-dielectric interfaces. An EM wave can
be confined at the interface. Surface plasmon polaritons(SPP) are electromagnetic
excitations propagating at the interface between a dielectric and a conductor, evanes-
cently confined in the perpendicular direction. These electromagnetic surface waves
arise via the coupling of the electromagnetic fields to oscillations of the conductor’s

electron plasma.

2.2.1 SPP at Single Metal/Dielectric Interface

Fig. 2.5 shows the propagation geometry with a Air/Metal interface. For simplicity
we are assuming a one dimensional problem, i.e., € depends only on one spatial
coordinate. Specifically, the waves propagate along the x-direction of a Cartesian
coordinate system, and show no spatial variation in the perpendicular, in-plane y-
direction; therefore, € = £(z). In all generality, assuming harmonic time dependence,
E(r,t) = E(r) exp (—jwt) of the electric field, we can write Helmhotz equation given
by

V2E + k2eE = 0. (2.5)
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Here, ky = w/c is the wave vector of propagating wave in vacuum.

‘ ‘dielectric

Figure 2.1: Propagation geometry at Air/Metal interface.

For electromagnetic wave propagating in x direction, E(x,y, z) = E(2) exp(j5x).
Here, complex parameter 8 = k, is called the propagation constant of the traveling
wave and corresponds to the component of wave vector in the direction of propagation.
Inserting this expression into Eq. (2.5) gives

O’E

=zt (ke — B)E = 0. (2.6)

We can obtain a system of equations for each of the orthogonal directions. This system
allows two sets of self-consistent solutions with different polarization properties of the
propagating waves. For TM polarization at the interface between two materials with
dielectric constants e; and ey, continuity conditions require that ky/ky = —eo/e;.
Therefore, confinement to the surface demands Re[e;] < 0 if e5 > 0 implying that the
surface waves exist only at interfaces between materials with opposite signs of the

real part of their dielectric permittivities, i.e. between a conductor and an insulator.
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Figure 2.2: Dispersion relation of SPPs at the interface between a Drude metal with
negligible collision frequency and air (gray curves) and silica (black curves) [22].

From continuity conditions, we can obtain the dispersion equation

E1€2
=k . 2.7
B 01/€1+€2 (2.7)

Now, Fig. 2.2 shows the dispersion relation of SPPs at the interface between a Drude

metal with negligible collision frequency and air and silica. In the limit of negligible
damping of the conduction electron oscillation ( Im[e;(w)] = 0), the wave vector
goes to infinity as the frequency approaches surface plasmon frequency, wg,, and the
group velocity vy — 0. The mode thus acquires electrostatic character, and is known
as the surface plasmon.

For real metals, the damping is not negligible giving rise to finite wave vector [ at
plasma frequency. The dispersion plot for real metal considering the losses is shown

in Fig. 2.4.
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Figure 2.3: Dispersion relation of SPPs at a silver/air (gray curve) and silver/silica
(black curve) interface. Due to the damping, the wave vector of the bound SPPs
approaches a finite limit at the surface plasmon frequency [22].

Plasmonic confinement is achieved in metal dielectric interface as the propagation
constant [ is greater than the wave vector k in the dielectric, leading to evanescent
decay on both sides of the interface. The SPP dispersion curve therefore lies to the
right of the light line of the dielectric which is given by w = ck. As a result, excitation
by three-dimensional light beams is not possible unless special techniques for phase-
matching are employed. Methods of efficient excitation of surface plasmon mode is
an active field of research. The typical methods of SPP excitation are prism coupling,

grating coupling, near-field excitation, etc.
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Figure 2.4: An evanescent wave propagating along the interface of a metal and a
dielectric. Electric field component along z-axis decays exponentially [23].

2.3 Localized Surface Plasmon

In the operation of our proposed plasmonic nanolaser, localized surface plasmon plays
a pivotal role. The oscillation of the surface charge density in metallic nano-particles,
commonly named localized surface plasmons (LSPs), is a result of the collective os-
cillation of the conduction electrons under the constraints imposed by the physical
boundaries of the nano-particle geometry. The optical properties of metallic nano-
particles are determined by the excitation of electromagnetic surface modes. Localized
plasmon modes are stationary oscillations of the surface charge density at optical fre-
quencies along the metal boundaries of a metallic particle. The ability to control its
resonance makes LSP modes makes LSP suitable in a number of applications such as

photovoltaics, biosensing, spectroscopy, molecular fluorescence, etc [24, 25, 26].
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Figure 2.5: Mechanism of localised surface plasmon resonance [23].

2.3.1 Excitation of LSP

If an electromagnetic wave impinges on a metallic (whose spatial dimension is as-
sumed to be much smaller than the wavelength of light), the electron gas gets polar-
ized (polarization charges at the surface) and the arising restoring force again forms
a plasmonic oscillation. The metallic particle thus acts like an oscillator and the
corresponding resonance behavior determines the optical properties.

Localized surface plasmon mode differs from surface plasmon polariton mode in
a number of ways. Light cannot couple directly to plasmon excitations of a flat,
semi-infinite metal surface since energy and momentum cannot be conserved simul-
taneously. Whereas, localized modes in metal nano-particles can be coupled by free
space radiation of light. For surface plasmon polariton modes, the resonant wave-
length is mainly dependent on the material properties. For localized surface plasmon

modes, resonance strongly depends on shape of the particles.
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2.3.2 Dependence on Dielectric Medium and Particle Shape

Coupling of LSP modes can be described through the particle polarizability, o that
relates the incoming electric field, £ with the electric dipole moment p = aE. Gener-
ally, the polarizability of a metallic object is a frequency-dependent magnitude that
depends on the dielectric function of the metal and on the surrounding medium, as
well as on the particle geometry. A localized surface plasmon resonance is associated
with a pole of the polarizability of the metal nano-particle as a function of frequency
(wavelength). To see how localized resonances affect the response of metal nano-
particles, we need to look at absorption and scattering crosssections for that particle.
For spherical particles with radius a, the scattering crosssection, Cy. is related to
polarizability, ag,n by the following equation

]{?4

€sph — €med _ _|asph|2- (28)
™

8w
4 6
C’scat = k*a
Esph + €med

3

The dipolar polarizability of a spherical particle with radius a is given by

3 €sph — €med

. 2.9
€sph + 25med ( )

Qspn = 4mepa

Here, eqpn is the dielectric function of the sphere and eyeq is the dielectric function of
the surrounding medium. If the dielectric value of sphere is constant and with neg-
ligible imaginary part of the dielectric function, the scattering cross-section shows a
rather flat spectral response and almost zero absorption. When the sphere is made of
a metal characterized by a plasma frequency, which was discussed in previous section,
the metal particle shows resonant behavior. From Eq. 2.9, we can see that polariz-

ability depends on the dielectric constant of metal and its dielectric environment.
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Figure 2.6: Scattering spectra of Ag nano-particles of different shapes [27].

An exciting aspect of LSP is that its resonance changes with particle shape. This
enables engineering the response of particles for applications in different purposes.
The modification of the particle shape modifies the spectral position of the plasmonic
resonance, thus providing a tool to tune the optical response at the nanoscale. Sev-
eral effects, strongly dependent on the particle shape, play a role in determining the
actual LSP resonance frequency and the field enhancement. The shape dependence of
localized resonance of silver nano-particle is shown in Fig. 2.6. For nanorod structure,
elongation results in strong anisotropy in optical response. Due to change of aspect
ratio, the scattering response of the particle shows drastically different response for
longitudinal and transverse polarization. Similarly, curvature of nano-particles also
affect the resonant frequency. As curvature of the particle is reduced, strong local-

ization of surface charge results in high field intensity.
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2.4 Prospect of plasmonics

Surface plasmon polariton and localized surface polariton modes can give rise to
a number of unique optical phenomena. Extraordinary transmission through sub-
wavelength hole arrays is attributed to coupling of surface plasmon polariton modes [28].
Localized surface plasmon is responsible for shape dependence transmission through
nanoapertures [29]. In recent years, we have seen great many number of SPP and
LSP based devices. SPP modes have been extensively studied for applications in sub-
wavelength guiding of light [30, 31, 32, 33|. It has also been studied for application
in photovoltaics, as it can couple light along the structure, which in turn leads to
increased optical absorption [34, 35, 36, 37]. There also have been reports of highly
sensitive biosensors based on SPP resonances [38, 39]. SPP has also been studied
for directional radiation and optical cloaking applications. Apart from such passive
devices, researchers have worked on incorporating active components into plasmonic
devices. Various devices have been proposed to modulate transmitted field or phase,
or detect output radiation [40, 41]. The challenges in most of these applications are
the short-range propagation of SPP modes. To solve this issue, plasmonic waveguides
and devices with gain materials have been studied [7]. Extensive study and growth
of the field of plasmonics have lead to exploration of nanoscale active coherent source
for light sources.

The tunability of localized surface plasmon resonance has made this resonance
highly applicable for biosensing and other spectroscopic applications [42, 43]. Apart
from sensing, LSP has also been used in photovoltaics. Nanoparticles suspended in
active layer of solar cell can lead to field enhancement in the vicinity of the particles
leading to enhanced efficiency [44, 45]. Another emerging application of LSP is its
interaction with gain medium. When coupled with gain medium, the metallic loss

associated with plasmonic resonance can be significantly reduced [46]. Moreover, there
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are theoretical studies suggesting the increase of localized resonances in presence of
gain medium [9]. This increased resonance and reduced losses can be useful in number
of applications. The promising results from this reports have lead to studying localized

surface plasmon lasing in dipolar gain medium [19].

2.5 Summary

In this chapter, we have looked into the fundamentals of plasmonic resonance. Sur-
face plasmon polariton and localized surface plasmon resonances are essential for
extraordinary transmission phenomenon used in our proposed nanolaser design. In
this chapter, we have briefly discussed the origins of these modes and how they can be
efficiently excited. We have also discussed the fundamental challenges and prospects
of plasmonics in future applications. However, these future applications are depen-
dent on the successful development of experimental methods and techniques for the

reliable fabrication of optimally designed structures.



Chapter 3

Numerical Simulation

Methodology

Several commercial numerical tools/softwares are available for time domain and fre-
quency domain analysis which can be used analyze a plasmonic/photonic structure.
However, every such tool comes with certain limitation in regard to custom geometry
or simulation conditions. Moreover, material characterization, definition of different
parameters are some of the key aspects of customized simulation. Among a number
of commercial softwares, we chose Lumerical FDTD Solutions based on finite dif-
ference time domain (FDTD) algorithm. Compared to frequency domain method,
FDTD methods provides a number of advantages. In this chapter, brief introduc-
tion to FDTD algorithm is presented. It is followed by discussions on few important
simulation parameters and preferences in Lumerical FDTD solver. Then, we present
the model used to simulate the gain medium used in the proposed laser system. This
chapter is concluded by numerical simulation results of a simple photonic cavity laser.
The results of this simulation is used to verify the integrity of the simulation setup

and laser material model.

19
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3.1 Finite Difference Time Domain Model

The FDTD simulator is based on the simultaneous time dependent solution of Maxwell’s

third and fourth equations which are given by

oD

E =V X H, (31&)
D(w) = epel(w)E(w), (3.1b)
0H 1
— = E. 1
BT Mov X (3.1¢)

The time-dependent Maxwell’s equations are discretized using central-difference
approximations to the space and time partial derivatives. These finite-difference
equations are then solved in a leapfrog manner. In other words, the electric field
vector components in a volume of space are solved at a given instant in time and
then the magnetic field vector components in the same spatial volume are solved at
the next instant in time. This process is repeated over and over again. Depending
on the type of source used in the simulation domain, this leapfrogging time steps are
run a finite number of time.

This method of solving Maxwell’s equation was first proposed by Yee, in a seminal
paper published in 1966 [47]. Solutions of set of finite difference equations for time
and space dependent equations for loss-less materials was proposed in that paper.
The commercial electromagnetic simulator used in our work is also based on Yee’s
algorithm. A spatially staggered vector components of the E-field and H-field about
rectangular unit cells of a Cartesian computational grid was proposed in this algo-
rithm. It was arranged in a way so that each E-field vector component is located
midway between a pair of H-field vector components. This grid was later referred to
as Yee grid. Figure 3.1 shows arrangement of Yee grid for three dimensional simula-

tion region. Apart from proposing spatially staggered field vectors, Yee also proposed
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a leapfrog scheme for stepping in time such that electric field and magnetic field are
temporally staggered. As a result, electric field updates are computed halfway of each

time-step between consecutive H-field updates and vice versa.

Figure 3.1: Yee grid in three dimensional simulation domain.

3.2 Boundary Conditions

3.2.1 Perfectly Matched Layer

Reflection from simulation boundaries is one of the major sources of error in FDTD
simulators. At least one or more boundaries of typical electromagnetic simulation
needs to be infinitely extended. To make the simulation domain wide enough to let

the scattered wave decay is not a computationally efficien approach. As a result,
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absorbing boundaries are incorporated into the simulation space. Various types of
absorbing boundary conditions may be employed in order to resolve this problem [48,
49]. One of the most effective among all ABCs is the perfectly matched layer devel-
oped by Berenger [50]. The basic idea of the PML technique is to add an additional
lossy layer around the simulation region with intrinsic impedance matched with the
media at the outermost simulation region which ensures zero reflection from the inter-
faces and the field is attenuated while propagating through the media. It is ensured
that the field intensity attenuates to zero before it hits the simulation boundary. In
a continuous space, the PML absorber and the host medium are perfectly matched.
However, FDTD simulation, the electric and magnetic material parameters are dis-
cretized and are spatially staggered. This results in discretization errors that can
affect ideal behavior of the PML. In Lumerical FDTD Solutions, there are a number
of topologies for PML to choose from. Each of the topologies has its own advantages
and drawbacks. In our laser simulation, we have mostly studied with normally inci-
dent light. In those simulations, we have employed Uniaxial PML model [51]. In few
of the cases where obliquly incident light was used, we have implemented stretched

coordinate PML formulation [52].

3.2.2 Periodic and Bloch Boundary Condition

In our study, we have mainly studied three dimensional plasmonic crystal structure
consisting of periodic elements. In FDTD simulations, total response of a periodic
structure can be extracted from simulation results of just one unit cell. To achieve
that, periodic boundary condition is applied along the axis of symmetry. Periodic
boundary condition can be applied in one or more boundaries of the simulation.
Bloch boundary condition is similar to periodic boundary condition. The appli-
cation of this boundary condition is necessary when the structure is periodic but the

EM field has phase shift between each period. Such case arises when incident light is
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obliquely incident.

Lumerical FDTD supports both of these boundary conditions. In our simulations,
we have mostly used Bloch boundary conditions due to its robustness. When Bloch
boundary condition is used, the simulator uses complex values of electric and magnetic
field. Few normalizations were needed to be applied in simulations where continuous
wave normalizations were disabled.

This commercial simulator also supports symmetric and anti-symmetric boundary
conditions. These boundaries are applicable when there is one or more planes of
symmetry in the simulation domain. Since our proposed designs has multiples planes
of symmetry, we had used symmetric and anti-symmetric boundary conditions to

reduce the simulation time drastically.

3.2.3 Determining Spatial and Temporal Cell Size

Choosing correct values of spatial cell size is an important aspect of electromagnetic
simulation with FDTD method. Numerical dispersion can occur from discrete spatial
sampling of FDTD mesh. Not only that, if meshing is coarse, it can result in slight
anisotropy of speed of light on direction of propagation. Determining the cell size is
much like sampling a signal. Like any sampling process higher sampling rate results
in more accurate representation of the real quantity. Though the minimum number
of points per wavelength depends on various factors involving the simulation medium,
at least ten points per wavelength restricts simulation errors to acceptable limit. To
ensure this, ten points per wavelength in the material with the largest refractive index

in the simulation medium is required to be used. Therefore,

Ao

Ar < ———,
Nmax X 10
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Here, \q is the free space wavelength and ny,.y is the largest refractive index contained
in the simulation medium. Once the spatial cell size is chosen, the temporal step size
requires to be so set. For this case, Courant condition [48, 49] must be satisfied which

is given by

Ax

At < .
n X Cy

(3.3)

As discussed, as the value of spatial mesh size is defined by the material index,
FDTD algorithm allows the use of graded meshes. Such a non-uniform mesh can make
FDTD calculations more accurate, while requiring less memory and less computation
time than uniform mesh. Non-uniform meshing allows relatively larger mesh sizes in
medium with lower refractive index, while using small meshes in high refractive index
material.

Apart from non-uniform meshing, Lumerical FDTD provides a number of con-
formal meshing methods. Conformal meshing a number of mesh refinement options
which can give sub-cell accuracy from a simulation. That means, we can get accurate
representation of device response using much higher mesh sizes. This is achieved by
using a integral solutions of Maxwell’s equations near interface [53]. In our linear and
active material simulations, we have used non-uniform grids with conformal meshing

applied to all materials.

3.3 Dispersive Material Modeling

One of the main advantages of finite difference time domain method is its ability to
produce broadband response of a device in a single simulation. However, as differ-
ent materials exhibits variation of material index with wavelength, this dispersion
has to incorporated into the material system in FDTD algorithm. FDTD simulators
typically employ Drude, Debye, or Lorentz materials. But, these models are highly
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simplified representation of real materials. As a result, relying on these models for a
wide band simulation would result in significant deviation from the actual response.
One of the ways to solve this problem is to use multi-pole model, which is a dispersion
model that results from combining two or more distinct Lorentz models. This model
has some limitations when it comes to modeling real materials impacted by impuri-
ties, defects, and other more complicated material issues. In some electromagnetic
simulators, materials are modeled with a polynomial fitting. While this method can
provide accurate representation of the model, it is prone to cumbersome calculation

and high computational cost depending on the order of the polynomial.
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Figure 3.2: Fitting of Au permittivities with multi-coefficient material model.

To solve this broadband simulation challenge , Lumerical uses multi-coefficient
materials (MCMs). MCMs rely on a more extensive set of basis functions to better
fit dispersion profiles that are not easily described by Drude, Debye, and Lorentz
materials. It also provides designers with the ability to automatically and optimally
choose the type and number of terms required to accurately describe their materials.

The type of fit that can be automatically generated to imported material data as
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well, which enables us to model any material as long as the material indices are
available. In our simulations of passive and active devices in this work, we have
used this multicoefficient materials to model Au. The dielectric materials used in
our simulation was assumed non-dispersive over the frequency of interest. Figure 3.2
shows the experimental data and MCM fit of real and imaginary part of permittivity
of Au. Experimental data for Au was obtained from Ref. [54].

3.4 Gain Medium Modeling

In this work on plasmonic nanolaser, the laser gain medium was modeled using four
level two electron system. This model utilizes simplified quantized electron energies
which provide four energy levels for each of the two electrons. This model also takes
into account the effect of Pauli’s exclusion principle. The population levels of the
gain mediums are governed by the coupled rate equations. To simulate the response
of gain medium, these rate equations and Maxwell’s equationas are self-consistently
solved throuogh the FDTD algorithm. In this section, firstly, we will discuss this
modeling methodology. Then we will verify the consistency of this material model
by simulating the laser dynamics of a photonic cavity laser and compare it to the
results reported in Ref. [55]. We will also discuss the post-processing tools developed

for plasmonic nanolaser simulation.

3.4.1 Four Level Two Electron System

To model the gain medium in numerical simulation, a semi-quantum framework was
utilized. In this framework, the gain medium (dye molecules) was modeled as four
level quantum system, whereas the electromagnetic field was modeled classically.
Fig. 3.3 shows the four level system used in this formulation. Pumping electromag-

netic pulse induces absorption from ground level |0) to highest level |3) from which
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a fast non-rediative emission increases the population in the higher lasing level |2).
Radiative transition between level |2) and level |1) leads to lasing emission if there is
population inversion between this two levels. Finally, another non-radiative transition

induces emission from level |1) to level |0).
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Figure 3.3: 4 level 2 electron system

These transitions in this 4 level system are treated as two coupled dipole oscil-
lators. Level 1 and level 2 corresponds to dipole P,, whereas, level 3 and level 0
corresponds to dipole P,. Polarization densities P, and P, are found to be driven by

the product of electric field E and population difference between two corresponding

levels, i.e.,
®p,  dP,
— a3, aPa:aN_N E7 3.4
o012 T Vg T €a(N2 1) (3.4a)
P, dp,
—_— P, =&(N3s— Ny E. 3.4b
o + " o +wy" Py = §(N3 0) ( )
Here, &, = 6menc®/(w2130°T2130), Yap= damping coefficients, w,, = resonant

frequencies. In this formulation, Pauli’s exclusion principle (PEP) is enforced. Due
to PEP, presence of electron in one energy level reduces the rate/efficiency of pumping

or relaxation from other levels. Therefore, the rate of transition is function of both
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the source and destination population level. Using this principle, the rate equations

for the 4 level system becomes,

dN;  Ns(1-Np) Ns(1-No) 1 _ dP

% = E - .
dt T32 T30 * hwb dt ’ <3 5a)
AN;  Ns(1—Ny) No(1—Ny) 1 _ dP,
= — K- 3.5b
dt T32 7-21 + hwa dt Y ( )
dN Ny(1 - N Ni(1 - N, 1 dp,
1 Ma D _ Ml o _ L g : (3.5¢)
dt T21 T10 héda dt
dNo  Ns(1—N,) Ni(1—Ny) 1 .. db,
= - E - . .5d
dt T30 + T10 ]:wa dt (3 ) )

In Eq. 3.5, N; is the population density probability in level i, and 7;; is decay time

constant between levels ¢ and j. These four rate equations are coupled to Maxwell’s

law through polarization densities, P, and P, by the following equation,

dE 1 1 dP, dPb,

— ==V X H— =Ngepsity | — +— 1. 3.6
€ e ¢ ty(dt+dt) (3:6)

Therefore, the four rate equations along with this Ampere’s law provide a self-

consistent set of equations describing the interactions between gain molecules and

electromagnetic fields associated with nano-particles. Using this model, we can sim-

ulate different gain mediums if parameters related to emission and absorption char-

acteristics are known. In this work, the gain medium we have used is an organic gain

medium, TR-140. The parameters used for this model are as follows:
e Absorption transition: A\, = 800 nm, A\, = 100 nm,
e Emission Transition: )\, = 870 nm, A\, = 100 nm,
e Emission Transition: )\, = 870 nm, A\, = 100 nm,

e Lifetimes: To1 = T30 — 1 S, 739 = T10 = 10 fS,
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e Concentration of dye molecules: C' =2 x 10'® cm ™3,

3.5 Simulation of a Photonic Cavity Laser

To verify the material model for gain medium and simulation setup, a simple photonic
cavity laser was simulated. Figure 3.4 shows the schematic of this optically pumped
laser. Optical feedback of this laser is implemented by a single-defect distributed
Bragg reflector (DBR) cavity.

Figure 3.4: Schematic of a simple photonic cavity laser. A gain medium is placed
between two DBRs.

The DBR cavity consists of two Bragg reflectors and each of them consists of three
layer of refractive indices alternating between 1.0 and 2.0 with thicknesses 375 nm
and 187.5 nm. The length of the gap between these two DBR is 750 nm. A gain
medium of 50 nm is placed at the center of this gap. The layers are designed so that
the defect mode occurs at 1500 nm and its passband is at 750 nm. The quality factor
of the cavity is found to be 100. In this device, the gain medium is pumped with a
light of 750 nm wavelength and lasing emission is expected to be observed at 1500
nm. That is why the stopband was designed to be around 1500 nm which confines
the lasing emission within the cavity. For the gain medium of this structure, we chose
T32 = T19 = 100 fs and 75; = 130 = 300 ps. The initial population density was chosen

to be 5x10%3/m3. Finally we pump the structure with continuous wave input of 750
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nm. We modify the input 750 nm electromagnetic CW signal so that it increases
gradually from a small value to its steady state amplitude. The amplitude envelop
of this pumping signal with 1x10° V/m amplitude signal is shown in Fig. 3.5. This
modification was necessary to reduce the numerical noise caused by sudden onset of

high amplitude CW pulse.
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Figure 3.5: Amplitude envelop of the electromagnetic wave used to optically pump
the photonic cavity laser.

Considering the lifetimes of different levels of the gain medium, the FDTD simula-
tion was terminated after simulating for 30 ps. Throughout this time, time evolution
of electron populations of all four levels were recorded. We present the variation of

these populations as a function of time in Fig. 3.6.
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Figure 3.6: Time evolution of normalized populations in the four levels of the laser
gain medium.

From this figure, we note that, in the initial state, only level 0 and level 1 is occu-
pied and other two levels are empty. As pumping signal is introduced, the population
density of level 1 starts to decrease and level 2 starts to increase drastically. We also
note, that populations of level 0 and level 3 shows small variation with time. This is
due to the fact that pumping energy causes electrons from level 1 to move to level 0.
Then the electrons from level 0 is also pumped to level 3 from where it transitions to
level 2. Due to the relatively slower transition from level 2 to level 1, the population
of level 2 keeps on increasing until it becomes greater than that of level 1, i.e., until
population inversion occurs. It is precisely at that moment, we expect to observe

onset of lasing emission.
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Figure 3.7: Time evolution of normalized populations in two lasing levels of the laser
gain medium.

To analyze the dynamics of the lasing population levels in greater detail, we plot
the population levels of just the two lasing levels in Fig. 3.7. This figure shows popu-
lation probability of the lasing levels 10 ps after the pumping signal was introduced.
We can see that at approximately 10.5 ps, population inversion occurs. It shows
fluctuations of the population levels until 12 ps and then reaches steady state value.
We note that in steady state condition, population inversion is maintained which is
sufficient to sustain continuous lasing emission.

We also capture the electromagnetic field at the output end of the laser using a
time monitor throughout the simulation duration. This time-domain data consists

both the lasing signal and the transmitted pumping signal.
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Figure 3.8: Emission spectra along with the frequency domain filters to extract pump
and lasing emission.

To extract the lasing and pumping signal from this data, we resort to frequency
domain filtering. Firstly, we put the time domain data through fast Fourier transform
which decomposes the signals into their frequency components. Then, we apply two
Gaussian filters centered at the pumping and lasing frequency. Figure 3.8 shows
frequency response of the captured time domain data along with two Gaussian filters.
The peaks at 200 THz and 400 THz correspond to lasing and pumping wavelength
respectively. Once the spectra is filtered, the resultant frequency responses are put
through inverse fast Fourier transform, which translates the pumping and lasing signal
to time domain signal. Figure 3.9 shows the magnitude of the electric field of lasing

and pumping signal as a function of time.
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Figure 3.9: Extracted pump signal and lasing signal on the output side of the photonic
cavity laser.

The onset of lasing at approximately 10.5 ps is observed from this figure. This
correlates with the occurrence of population inversion discussed in the preceding
section. Much like the oscillations of population inversion, the laser output shows
fluctuations in magnitude that eventually stabilizes to a steady state value.

To observe threshold behavior of this simple photonic cavity laser, we have calcu-
lated emission intensities of laser at different pumping intensity. The output intensity
vs pump intensity plot is shown in Fig. 3.10. At pumping intensity of 5.5 (a.u.), clear
threshold behavior is observed. We also note that emission saturates when pumping
intensity is increased beyond a certain level. The results obtained from the simula-

tions are in good agreement of the published results in Ref. [55].
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Figure 3.10: Emission intensity of the photonic cavity laser as pumping intensity is
increased.

As it has already been mentioned, this simple 1 dimensional photonic cavity laser is
pumped using continuous wave source. However, for plasmonic lasers, pulsed pump-
ing is used in most of the reported cases [6, 8]. Moreover, in 2 dimension and 3
dimensional simulations, simulations with continuous wave source would result in
huge computational overhead. In those cases, using pulsed sources can prove to be a
numerically efficient approach. To this end, we have modified the simulation setups to
make it compatible to pulse pump signals. Necessary post-processing modules were
created to calculate laser emission spectra and far-field pattern in both 2 dimensional

and 3 dimensional simulation domain.

3.6 Summary

In finite difference time domain method, the constituent equations are solved simul-

taneously to give the time evolution of the different field components in a defined
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medium. It allows to calculate broadband response of a system from a single system
by using fourier transform of the system response to a broadband input. Among var-
ious commercial simulation tools, we have used Lumerical FDTD Solutions for our
work. We have discussed our choice of boundary conditions and meshing methodolo-
gies for different simulations using this simulation tool. This electromagnetic solver
facilitates the modeling of dispersion of passive materials using multi-coefficient mod-
els. For laser simulation, a 4 level 2 electron system was used for gain medium.
This model was incorporated into the time-stepping algorithm of FDTD. We have
also presented our results of simulation of a simple photonic crystal cavity. These
results were used to verify the consistency of material model and simulation setup.
We have also discussed briefly about a number of post-processing tools developed for

simulating two and three dimensional plasmonic nanolasers.



Chapter 4

Design of Plasmonic Nanolaser

In the last decade, field of nanophotonics has seen remarkable progress in a number
of applications. Nanoscale manipulation of light has lead to drastic miniaturization
of many optical devices such as, bio-sensors, solar cells, photodetectors, waveguiding,
etc. In various photonic applications, a coherent source of electromagnetic energy
with nanoscale footprint is often required. Conventional lasers employing macro-
scopic photonic cavities are diffraction limited with a fundamental lower limit of de-
vice dimension. Downscaling of these devices leads to increased losses which render
them useless in most applications. Plasmonic modes- surface plasmon polariton and
localized surface plasmon- can confine electromagnetic energy beyond the diffraction
limit, which make them a promising choice for implementing lasers with nanoscale
dimensions.

Laser has two principle constituents: gain medium and resonantor. The gain
medium achieves population inversion through electrical or optical pumping and is
capable of supplying energy to the lasing modes. Whereas the resonator is an optical
cavity necessary to produce feedback for lasing action. A cavity stores electromagnetic
energy inside the laser structure. Strength of the resonance is dependent on the

feedback supported by the cavity. In other words, stronger the resonance, a photon

37
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is stored inside the cavity for a longer duration of time, which leads to higher energy
buildup within the gain medium resulting in stronger emission. In conventional lasers,
cavity feedback is obtained by designing the resonator such that standing wave can
form inside the cavity. However, to form a standing wave, at least one dimension
of the cavity must be longer than the diffraction limit of light. In photonic cavities,
diffraction limit of light is given by A\/2n,,, where n,, is the effective mode index
and \ is free-space wavelength of light. Using Nanoplasmonic techniques, we can
design nanocavities with dimensions beyond the diffraction-limit. In this chapter,
we thoroughly discuss our design methods and performance analysis of proposed

plasmonic nanolaser.

4.1 Plasmonic Nanocavity Design

The first step of designing plasmonic nanolaser is to design the nanocavity. In
most of the conventional photonic lasers, the standing wave of light occurring be-
tween two sides of the resonantor provides feedback mechanism. However, in plas-
monic nanocavity, feedback can be established by surface plasmon resonances excited
at metal-dielectric interface, or from localized or collective resonances of metallic
nanostructures- nano-particles or nanoapertures in dielectric environment. At plas-
monic resonances, high field enhancement at the vicinity of metallic nanostructures
can facilitate resonant energy transfer between the gain medium and the plasmonic
mode and thereby produce laser emission.

A fundamental bottleneck for the realization of SPP nano-optical functional de-
vices stems from large intrinsic metal loss induced by resistive heating. Hence, any
type of plasmonic resonator based on a plasmonic waveguiding principle is inevitably
limited by the intrinsic metal loss in addition to other sources of losses, such as, scat-

tering due to inhomogeneity of metal layer, radiation into free space and the substrate.
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To minimize the effect of Ohmic losses on plasmonic resonance strength, a number of
structures have been proposed. Hybrid plasmonic-photonic modes excited between
metal and dielectric layer separated by a dielectric spacer layer has been reported
to produce low loss propagation of surface plasmon [56]. Additionally, long-range
surface plasmon mode coupled at metal-dielectric interface has also been explored for
nanolaser application [57]. However, in such structures, low-loss plasmonic mode was
achieved at the expense of reduced modal confinement.

In nanolasers based on surface plasmon polariton mode excitation, divergent far-
field radiation is another issue. This is due to the fact that, surface plasmon dispersion
lies below the light line. As a result, plasmonic modes have very high wavevectors
compared to free-space wavevectors. Therefore, when plasmonic mode is coupled to
radiative mode from the gratings, or from edges of plasmonic cavities, this phase
mismatch leads to diverging radiation. To counter this issue, a number of nanocav-
ity structures employing plasmonic crystals have been explored [10, 11, 12]. In such
devices, resonances of periodically arranged metallic nanostructures lead spatially co-
herent emission. Nanolasers based plasmonic crystals have been reported to produce
room-temperature lasing. Narrow-beam emission with very low divergence, along
with room temperature operation makes such nanolaser structures a promising can-
didate for wide-scale applications. However, such nanocavities have a number of
limitations that affect the emission efficiency and laser performance significantly. In
this thesis, we present our work on designing nanolaser structure based on periodic
arrangement of nanostructures. Moreover, we study the underlying physics of these
structures and propose novel nanoresonator designs to overcome their limitations to
drastically improve the performance and efficiency. In addition to that, our proposed
nanocavity design allows to tune the peak stimulated emission wavelength over a

substantial range.
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4.2 Plasmonic Crystal Based Nanocavity

Recently reported plasmonic crystal based nanolaser structures consist of either pe-
rioidic array metallic nano-particles suspended in gain medium or periodic metallic
hole array covered by gain medium. Periodic arrangement of nano-particles can excite
band-edge lattice plasmon polariton mode which can produce lasing emission. Differ-
ent types of nano-particle- cyllindrical, bowtie, nanodome- array has been reported
to produce plasmonic lasing in near-IR region [10, 11, 12]. Similar plasmonic crystal
structure, but with periodic circular nanohole array in Ag layer has been reported to

produce visible wavelength lasing [15].
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Figure 4.1: Schematic of a simplified lattice plasmon based nanolaser structure.

Periodic circular nanohole arrays can couple surface plasmon polariton- bloch
(SPP-bloch) mode and exhibit resonant transmission at certain wavelengths. This
phenomenon is termed as extraordinary transmission (EOT) [28]. In most of the
reported lattice plasmon and extraordinary transmission based laser, pump beam is

incident obliquely, and lasing emission was observed normal to the surface. However,
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part of the emission was also coupled into off-normal diffracted radiation. In addition
to that, lasing emission was observed in both the transmission and reflection side. So,
the emitted energy is distributed in a number of modes at a number of angles in both
sides of the nanolaser devices. As a result, emission efficiency is affected significantly.
To illustrate these phenomena, in Fig. 4.2, we show the far-field response and emission
spectra of a simplified lattice plasmon based structure [16]. The schematic of the
structure is shown in Fig. 4.1. This device is optically pumped by pump pulse centered
at 800 nm wavelength and lasing emission is observed at 870 nm. Pump beam is
incident at 45° to surface normal. Far-field emission spectra of this device at reflection
side is shown in Figure 4.2(a). We note multiple number of diffracted modes: one
approximately along surface normal, another along 50°. Figure 4.2(b) shows the
emission spectra calculated from monitors placed in reflection and transmission side.

As previously discussed, we observe that emission of comparable intensity at both

sides.
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Figure 4.2: (a) Far-field pattern observed in reflection side. (b) Emission spectra
recorded in transmission and reflection side.

Confining lasing emission to a single diffracted mode and to one side of the

nanolaser structure can lead to tremendous improvement in laser performance and
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superior efficiency. Our primary objective of this work is to achieve such emission
characteristics with low beam divergence and spectral tunability in near-IR range.
Considering the potential of plasmonic crystal based nanoresonator, firstly we con-
centrate on periodic array of sub-wavelength holes exhibiting extraordinary trans-
mission. In the next section, we study the mechanisms and dynamics of enhanced
and resonant transmission to design our nanocavity suitable for operation in near-IR

region.

4.2.1 Extraordinary Transmission

Discovery of extraordinary transmission is one of the important milestones in the
research of sub-wavelength optics. Extraordinary transmission (EOT) is defined as
the appearance of series of peaks and dips in the transmission spectra which is ob-
served in single sub-wavelength hole or periodic arrangement of sub-wavelength holes
in metal. At resonant extraordinary transmission wavelengths, a periodic array of
sub-wavelength holes transmits more light than a large macroscopic hole with the
same area. Before the discovery of EOT, sub-wavelength apertures were thought to
be poor transmitter of electromagnetic energy. This low transmission was explained
using Bethe’s theory of light transmission through circular hole perforated in thin

metallic film [58]. Transmission normalized to the area according to this theory is

64 r*

o 04 41
272 \47 (4.1)

where, A is wavelength of incoming light and r is the radius of the hole. A great
number of applications of this phenomena ranging from spectroscopy, lasers, pho-
tovoltaics, biosensing, etc [59, 60]. Moreover, extensive numerical, analytical and
experimental studies have been done [29, 61, 62]. In the following sections, we will

study the the characteristics of this optical phenomenon to design optimal nanocavity
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structure for our nanolaser.

4.2.2 Mechanisms of EOT

Hole resonance and hole shape

1B Au

t>

Figure 4.3: Au nanohole array with square holes demonstrating extraordinary trans-
mission.

A typical transmission spectra for EOT is characterized by a series of maxima and
minima. These peaks and dips exceed the value predicted by conventional aperture
theory. Manifestation of extraordinary transmission was first observed by Ebbsen et
al. in sub-wavelength hole array on 200 nm thick gold and silver films [28]. Since
then, a number of studies with different hole size, lattice size, thickness, and symmetry
have been reported [63, 64, 65]. It was observed that spectral peak position of sub-

wavelength array shows almost linear dependence on the lattice period. At first, this
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dependence was attributed to occurrence of Wood-Raleyigh anomaly. However, it was
discovered that, those transmission minimas coincide with the optical frequencies for
which the wavevector is equal to surface plasmon polariton. That means at those
wavelengths, the periodic corrugations on metallic structures leads to momentum
matching condition between in-plane wavevector of the incident photon and surface
plasmon polariton and causes increased absorption. This condition can be given
mathematically by

ksp = ky £ Gy £ jG,. (4.2)

Here, /;SP is the surface plasmon wavevector, k. is the incident light wavevector par-
allel to metal surface, (i,7) is the grating order for reciprocal lattice vector G, and

éy of the square lattice. From the dispersion relation of surface plasmon polariton

- W [ €4€m
k = — 4.3
|ksp| Nt (4.3)

where, w is the frequency of incident light and €, /eq is the dielectric constant of

wave, we know

metal /dielectric.

However, it was later argued that coupling of surface plasmon mode cannot com-
pletely explain the extraordinary transmission phenomenon [64]. Changing the shapes
of the holes while keeping the reciprocal lattice vectors unchanged results in signifi-
cant changes in emission spectra and tranmission intensity [66]. This result suggested
significant contribution of individual hole resonances to extraordinary transmission.
Following this finding, a number of experimental results were published exploring
the influence of hole dimensions, metal thickness, and other structural parameters on
resonance peaks, linewidth, transmission intensity and far-field emission [65]. In this
work, we have conducted numerical study of sub-wavelength hole array with a view
to engineer resonant emission of such structure for our laser design.

To study the spectral response of sub-wavelength hole array, we begin with a
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Au metallic film perforated with square holes with square lattice. Fig. 4.3 shows
the schematic of metallic nanohole array device. It is to be noted that, we mostly
confine our study to nanohole array to structures with sub-wavelength periods. For
such lattice periods, EOT is dominated by individual hole resonances. The reason
for choosing such dimensions is to design a cavity that couples energy into a single
diffracted mode to the output side. While choosing larger periods can result in in-
creased emission via collective resonance of nanoholes, it can lead to multiple order

of diffracted beam in output, which will affect the efficiency of laser.
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Figure 4.4: EOT spectra for square and circular holes.

At first, we study emission dependence of nanohole structures for different hole
shapes. The first reported EOT structure used ciruclar hole array. After that, dif-
ferent studies have discussed the resonant behavior for square, rectangular, elliptical
holes. These structures have been reported to exhibit polarization effects and shape
resonances. Apart from these, few complex designs using triangular, trapizoidal struc-

tures also have been studied [29]. In this study, we mostly concentrated on the circular
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holes and square holes with square lattice array. Figure 4.4 shows the transmission
spectra for nanohole array with square and circular holes. In both devices, the lattice
period, A is 350 nm and metal thickness, ¢; is 100 nm. Transmissible area of the
apertures in both devices is same. We note EOT resonance at longer wavelength in
case of square hole compared to circular holes. This result can be understood by
considering these sub-wavelength holes as waveguide cavity. For perfect electric con-
ductor, circular hole cavity has lower cut-off wavelength when compared to square
hole waveguide with same transmissible area. As a result, square hole array produces

resonant peaks at larger wavelength compared to the structure with circular holes.
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Figure 4.5: Electric field intensity at surface of the nanohole at resonant wavelength
of extraordinary transmission.

We also observe higher normalized transmission through square holes for the same
transmissible area as the circular holes. The resonant transmission for square holes
occur at wavelength of 594 nm. Figure 4.5 shows the electric field intensity on Au-Air
interface on top of the nanohole at this resonant wavelength. The width and breadth
of the square nanohole is 170 nm. From this figure, we note that electric field is highly

confined to the edges of the nanoaperture. The field profile suggests the occurrence
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of localized surface resonance of individual hole.
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Figure 4.6: Transmission spectra of nanohole array for different square hole dimen-
sions. The sub-wavelength array consists of square holes with period of 350 nm on
100 nm thick Au layer.

Size of sub-wavelength holes has significant influence on the transmission spectra of
periodic nanohole array. An increase in square hole dimension leads to much greater
increase in transmission than expected from conventional aperture theory. Molen et.
al. have studied size dependent transmission in Ref. [66, 63]. They argued that,
as re-radiation of surface plasmon polariton wave scales with fourth power of hole
width, using time reversal argument, excitation of plasmonic mode also scale with
fourth power. Since, the holes mediate SPP coupling between two sides of nanohole
array, extraordinary transmission intensity should scale with the eighth power of hole
dimension. It was also observed that the spectral peak position depends very weakly

with variation of hole dimension. In Fig. 4.6 transmission spectra for different width
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and breadth of square holes. The transmission intensity reduces drastically as hole

dimension is reduced. Transmission peaks also shows small blue-shifting behavior.
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Figure 4.7: Transmission spectra of nanohole array for different metal thicknesses.
The sub-wavelength array consists of 170 nm x 170 nm square holes with period of
350 nm.

Thickness of the metallic film also influences the transmission properties of the
nanohole structure. The effect of thickness can be analyzed in two different thick-
ness regime. For optically thick films, i.e. for metallic film with thickness atleast 3
times the skin depth the transmission intensity decreases with increasing thickness.
This is due to the fact that, the electromagnetic fields of two sides of the nanohole
array are coupled by exponentially decaying field within the nanohole [65]. As film
becomes thicker, the field between the two sides of the nanohole becomes increasingly
decoupled, which leads to decreased emission. However, for metallic film becomes
thinner (< 3x skin depth), surface plasmon mode excited on two sides of the metallic
structure can interfere. This interaction leads to splitting of the plasmonic mode into

two modes, namely short range plasmon mode and long-range plasmon mode. The
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splitting of mode leads to some additional peaks in the transmission spectra. We
have numerically simulated the transmission spectra of a nanohole array structure for
different metal film thickness. The results are shown in Fig. 4.7. As predicted by the
theory, emission intensity drops as metal thickness is increased.

In the preceding section, we have systematically studied the effect of different
design parameters on nanohole transmission spectra. Based on the understanding
developed in this study, we have chosen the appropriate hole shape, hole dimension,
metal thickness and other parameters to design our plasmonic cavity. The schematic

of the designed EOT-based nanocavity structure is shown in Fig. 4.8.

Figure 4.8: Schematic of EOT-based nanocavity.

In this design, we have chosen square metallic periodic nanoholes with square
lattice symmetry. The metallic film is covered by PU mixed with IR-140 dye molecule.
This layer with thickness of 325 nm provides the gain of this laser device. On top
of this layer, we have TiOy superstrate having the thickness of d;= 434 nm. We
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have pumped this device with normally incident 40 fs pulse centered at 800 nm. The
emission spectra obtained for a pump pulse with 1x10® V/m amplitude is shown
in Fig. 4.9. In this figure, the emission spectra on both the transmission side and
reflection side is shown. While in the transmission side, lasing emission around 885
nm wavelength is observed, broad emission intensity around 800 nm wavelength is also
noted. This emission around 800 nm denotes the scattered pump beam. Moreover,
in the reflection side, the lasing emission around 885 nm is higher than the emission
observed in the transmission side. Similarly, high intensity spectra around pumping

wavelength is also observed in the reflection side.
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Figure 4.9: Emission spectra at reflection and transmission side for the structure
shown in Fig. 4.8.

This design ensures single diffracted emission through the periodic nanohole ar-
ray, but there are a number of limitations and drawbacks of this design. While this
nanolaser design can achieve lasing through individual localized resonance, the lasing

emission in the transmission is not sufficiently strong. Apart from that, significant
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energy of stimulated emission is also observed in the side from which the device was
pumped. In order to achieve efficient nanolaser, we need to guide most of the energy
towards the transmission side. To achieve that we need to explore ways to further
improve emission through such structures. In addition to that, we need to suppress
the scattering of pump spectra in the transmission side. Hence, we investigate poten-
tial approaches to incorporate such emission properties into plasmonic crystal based

nanocavity structure.

4.3 Improving Nanocavity Response

Since the discovery of extraordinary transmission, different attempts have been made
to improve the transmission through single sub-wavelength aperture and periodic
apertures. Nanocavity antenna, plasmonic bragg gratings, and bull’s eye apertures
have been used successfully to improve emission through single nanoaperture [67,
68, 69]. For periodic nanohole array, bridged nanoholes have produced enhanced
emission suitable for biosensing application [70]. Recently, enhanced transmission
of single nanohole with photonic crystal microcavity has been observed [71]. This
enhancement was later attributed to excitation of optical Tamm state at metal-PhC
interface [72].

The nanocavity we discussed in the preceding section exploits shape resonances of
nanoholes to achieve transmission through sub-wavelength array. Incorporating 1D
photonic crystal on top of our nanohole structure can potentially lead to emission
enhancement via coupling of optical Tamm states. In addition, the PhC structure
can also be designed to suppress the forward-scattering of pump beam through the
structure. In the following section, we explore optical Tamm state resonance with a

view to improving nanocavity performance.
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4.3.1 Optical Tamm State

Tamm state is a type of surface state which was first observed in solid-state physics at
the edge of truncated periodic atomic potential [73]. Much like the solid-state analog,
optical Tamm state (OTS) is one type of a surface mode. Unlike surface plasmon
polariton mode, optical Tamm state can be excited by normal incidence of light with
zero inplane wavevector component. This is because, its dispersion line lies below the
light line. It can also be coupled via light of both transverse electric and transverse
magnetic polarization. In recent years, OTS has been investigated for applications in

biosensing, optical filters, optical diodes, and photovoltaics [74, 75, 76].
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Figure 4.10: Schematic of the structure demonstrating optical Tamm resonance.

Optical Tamm state is observed at the interface between two photonic crystals
and also at the interface between a photonic crystal and a metal layer [75, 77]. In
our study, we concentrate mostly on the optical Tamm resonance occurring at the
photonic crystal-metal interface. At resonance, high field intensity near the metal
layer is observed. In this section, we will study the resonance properties of the

structure shown in Fig. 4.10. This structure includes a 1 dimensional photonic crystal
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structure consisting of alternating layers of TiO, and MgFs. This photonic crystal is
deposited on a dielectric spacer layer(n= 1.51) which is followed by an 100 nm thick
Au layer. The thickness of TiO, and MgF, are 108 nm and 165 nm respectively.
However, the thickness of the last TiO, layer connecting the PhC to spacer layer, d;

is 200 nm. The thickness of the spacer layer, d, is 325 nm.
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Figure 4.11: Normalized reflection spectra of the OTS structure and 1D photonic
crystal.

The reflectivity of this structure can be analytically calculated using transfer-
matrix method [78, 79]. We present the numerical calculation of reflection spectra of
this structure upon normal incidence of light and compare it that of a bare photonic
crystal structure (without the spacer and metal layer) in Fig. 4.11. Both structures
consist of five pairs of TiOy and MgF, layers. From this plot, we note two dips in
the reflectivity for the OTS structure at wavelengths 870 nm and 1140 nm. At these
wavelengths optical Tamm resonance is observed. We also note that, these resonances

occur in the stopband regime of the bare PhC structure. Essentially, terminating the
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1D PhC by a metallic layer has created reflection minima in the stopband of the PhC

structure.
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Figure 4.12: (a) Refractive index profile of the OTS structure. (b) Normalized electric
field intensity distribution in OTS structure.

To investigate the underlying mechanism of OTS resonance, we plot electric field
intensity profile throughout this OTS structure in Fig. 4.12 at 870 nm wavelength.
As seen from this figure, we get approximately 50x enhancement of electric field
intensity in the spacer region near the Au layer. This increased electric field inten-
sity leads to enhanced absorption at resonant wavelength. While this behavior of
increased absorption at metal-dielectric interface is similar to surface plasmon polari-
ton resonance, it is to be noted that the confinement achieved in OTS is not due

to the negative real value of dielectric permittivity of metal, it is rather due to the
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stopband of PhC [75].

Spectral position of this resonance is highly sensitive to the thickness of the spacer
layer, ds and the thickness of the last TiO5 layer, d;. For optically thin metals, the
resonant wavelength also depends on film thickness to some extent [76]. In Fig. 4.13,
calculated the reflection spectra for variation of dy and d; is shown. Redshifting of

reflection dip with increasing spacer thickness and terminating TiO, is observed.
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Figure 4.13: Reflection spectra demonstrating the behavior of OTS resonance as
spacer thickness, d, and terminating TiO, thickness, d; are varied.

In the following section, we explore how the optical Tamm state can be exploited
to increase tranmission through sub-wavelength hole array and improve our plasmonic

nanocavity performance.

4.3.2 Optical Tamm State Enhanced Transmission through
Sub-wavelength Hole Array

As mentioned previously, optical Tamm states have been reported to increase emission

through single single nanoapertures. However, to our knowledge, there is no report of
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using this resonance to enhance emission through metallic nanohole arrays with sub-
wavelength periods. In this section, we will incorporate 1D PhC on top of plasmonic
nanohole array cavity to improve emission characteristics. In addition to that, we
will explore the feasibility of tuning extraordinary emission resonance wavelength by

engineering the PhC layers.
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Figure 4.14: Cross-sectional view of the proposed nanohole array structure using 1D
PhC.
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The proposed structure for this study is similar to the one described in the pre-
ceding section. However, in this case, the 100 nm thick Au layer was perforated with
periodic square holes of sub-wavelength dimensions. The lattice period of the hole
array is 350 nm and the width and breadth of the square hole are 170 nm. Apart
from the nanohole array, the dimensions of the PhC constituents and spacer layer
remain unchanged. Cross-sectional view of the structure is shown in Fig. 4.14. For
this structure, light is normally incident from the photonic crystal side of the struc-
ture. We measure the normalized transmission through the nanoholes as a function of
wavelength. In Fig. 4.15 we compare the emission spectra of the bare nanohole array

(with spacer layer, without PhC) and the proposed OTS structure. There are few
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things to note in this plot. Inclusion of PhC structure to the nanohole array leads to
substantial improvement of transmission intensity. Additionally, the linewidth of the
transmission spectra also narrows significantly which indicates stronger resonance.
Moreover, the the transmission at 800 nm is significantly reduced. As a result, if such
structure is used as nanocavity, the forward scattering of pump beam to output will

be significantly suppressed.
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Figure 4.15: Transmission spectra showing the increased transmission through
nanohole array due to inclusion of 1D PhC.

To probe the effect of PhC on periodic nanohole structure, we plot the electric field
intensity distribution throughout the structure at resonant transmission wavelength.
From Fig. 4.16 we note increased intensity of electric field in the vicinity of the spacer
layer similar to what observed in the previous section at OTS resonant wavelength.
Electric field confinement at the edges of square hole is also observed which shows the
localized hole resonance contributing to extraordinary transmission. Therefore, even

for periodic nanohole array, field enhancement associated with optical Tamm state
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can lead to increased coupling to radiative modes through sub-wavelength holes.
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Figure 4.16: Electric field intensity distribution throughout the structure with 1 di-
mensional photonic crystal on top of square nanohole array.

As discussed in previous section, reflection dip in OTS structure shows high sensi-
tivity to a number of structural parameters. In this part of the study, we explore the
feasibility of tuning the transmission peak of the proposed nanohole array structure in
similar manner. We have varied the spacer layer thickness, d, and terminating TiO,
layer thickness, d; and calculated the transmission spectra. Figure 4.17 shows that
peak transmission wavelength changes significantly as dy and d; are varied. We also
note that this change of peak transmission correlates well with the reflection minima
previously observed in Fig. 4.13. In designing our plasmonic nanoresonator with this
structure, it provides a convenient approach to tune the resonant wavelength of the
cavity. Moreover, compared to spectral shift in resonance due to changing hole shape,
dimension or metal thickness, changing PhC layer thickness provides the opportunity

to tune resonance over a wider range of wavelengths.
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Figure 4.17: Normalized transmission spectra as spacer thickness, ds and terminating
TiO, thickness, d; are varied.

4.4 Summary

In this chapter, we have investigated plasmonic nanocavity design in great detail.
Among different types of nanocavity designs, we concentrated on metallic nanohole
array based plasmonic nanoresonator. Then, we studied shape resonance occurring
in such periodic nanohole structures, and designed a structure suitable for nanolaser
operation in near-IR region. However, as we discovered, plasmonic nonohole array
alone led to inefficient laser performance. To improve this nanocavity response, we
explored the idea of using 1 dimensional photonic crystal structure on top of the
metallic nanohole array. Using the optical Tamm state surface mode near the metallic
interface, we were able to achieve almost 90% improvement in emission intensity.
Moreover, the forward scattering of pump beam through the nanohole structure was
also reduced by approximately 80%. Inclusion of photonic crystal on top of plasmonic
structure also facilitated convenient tuning of the nanoresonator over a wide band of
wavelength. All of these improvements make this plasmonic nanohole array structure

with 1D PhC a viable nanocavity to achieve highly efficient plasmonic nanolasing. In
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the next chapter, we investigate the performance of a plasmonic nanolaser using this

optimized cavity.



Chapter 5

Proposed Nanolaser

In the previous chapter, we have discussed our design methodology of plasmonic
nanocavity for nanolaser. The structure is based on plasmonic nanohole array with
sub-wavelength periods. To enhance the performance and efficiency of this cavity,
a 1 dimensional photonic crystal was added on top of this metallic nanohole array.
Previously, we have measured the transmission and reflection characteristics of the
passive nanocavities in absence of gain medium. In this chapter, we will conduct
laser simulation with active gain medium and optical pumping. We will investigate
and analyze the lasing performance of the designed nanolaser in reponse to differ-
ent optical pumping intensity. In addition, we will explore the contribution of the
photonic crystal structure and the plasmonic nanohole array structure in operation
of laser design. We will also study how the thicknesses of gain layer and photonic
crystal affects the stimulated emission spectra. Moreover, we will analyze the far-field

radiation pattern and calculate divergence angle of the designed nanolaser structure.

61
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5.1 Nanolaser Design and Simulation Setup

TiO,

Gain Medium g y
Au

Figure 5.1: Schematic of the Nanolaser structure consisting of 1D photonic crystal
terminated by Au nanohole array with square holes. The 1D PhC is formed by
alternating layers of TiOy and MgFs. Gain material thickness is 350 nm and metallic
layer thickness is 100 nm. The holes have width and breadth of 170 nm and periodicity
of 350 nm.

The proposed plasmonic nanolaser structure in this work uses the optimized plasmonic
nanocavity structure designed in the last chapter. However, the spacer layer in that
structure is substituted by the gain medium. The schematic of the laser structure
is shown in Fig. 5.1. Cross-sectional view of the proposed structure is illustrated in
Fig. 5.2. This nanolaser structure consists of Au layer perforated with periodic square
nanohole array. This structure is covered by a gain medium. The gain medium
is Polyurethane(PU) layer mixed with near infrared flurouscence dye molecule IR~
140 [16]. Alternating layers of TiOy and MgF is deposited on top of the gain material

which forms a 1 dimensional photonic crystal (PhC) structure. We denote the number
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of pairs of TiOy-MgFs layers in PhC by N. The TiOy and MgF, layer thicknesses of
the PhC are denoted by dr and d;; respectively. A TiO, layer of thickness d; connects
the photonic crystal structure to the laser gain medium. The nanohole width and

thickness are represented by d; and tj,.

dT
Pump I I I |
z

Figure 5.2: Cross-secional view of unit cell of the proposed nanolaser structure. This
section is taken through the center of the square nanohole. Here, ¢, = 100 nm,
dy, = 325 nm, d; = 200 nm, dp; = 165 nm, dp = 108 nm, d; = 170 nm, ¢; = 100 nm,
and A = 350 nm.
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We have numerically solved the structure using a full-field vectorial electromag-
netic simulator Lumerical FDTD Solutions. The optical parameters of Au was taken
from Johnson and Christy [54]. The electromagnetic simulator uses multi-coefficient
model to account for the dispersive nature of Au in near-IR region. The refractive
indices of TiOy and MgFs are set to be 2.23 and 1.36 respectively. The gain ma-
terial of this laser device IR-140 is modeled as 4-level 2-electron system. Theory
of this material modeling was discussed in section 3.4.1. Since, IR-140 is mixed in
Polyurethene, the base refractive index of the gain material was chosen to be that of
the Polyurethane (1.51). Unless otherwise specified, number of pairs of TiOy-MgF,

layers, N is 5. In numerical simulation, the structure was assumed to be infinitely
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periodic in x and y direction. Therefore, periodic Bloch boundary condition was
chosen in both x and y direction. Perfectly matched layers (PML) was set on the z
boundaries. Due to its periodicity, we only simulated a single unit cell of the structure
spanning A= 350 nm in x and y direction to calculate the response of the complete
structure. Considering the symmetry of the device in x and y direction, symmetric
and anti-symmetric boundary conditions were applied to reduce the computational
time significantly.

Our proposed device is designed for room-temperature operation under optical
pumping. In simulation, the structure was pumped using a 40 fs plane wave pulse,
centered at 800 nm wavelength. Unless otherwise specified, pump pulse is assumed to
be normally incident from the PhC side of the device and emission is observed from
the other side. To record lasing emission, a frequency domain field monitor is placed
on the emission side. Emission at different wavelengths was calculated by integrating

the poynting vector normal to this field monitor.
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Figure 5.3: Emission spectra for different pump intensities.
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5.2 Performance Analysis

We have simulated the structure under optical pumping for a range of pumping
amplitudes and the recorded emission spectra is presented in Fig. 5.3. As we can see
from this figure, for pump amplitudes below 5x107 V/m, there is negligible emission
around the lasing wavelength. As pumping amplitude is increased beyond this value,
onset of lasing emission around 870 nm is observed. We can also observe that, the
linewidth of the emission narrows to approximately 4-5 nm from 11-12 nm with

increasing pumping intensity.
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Figure 5.4: Emission characteristics of the nanolaser as a function of pumping am-
plitude. This laser shows threshold behavior at approximately 5x107 V/m of input
pump amplitude.

Figure 5.4 shows the peak of lasing emission as function of input pump amplitude.
From this figure, the threshold behavior at 5x 107 V/m is quite apparent. As pumping
intensity is increased, intensity of lasing keeps on increasing almost linearly. However,

for peak pump amplitude beyond 2.5x10% V/m, we note that emission begins to
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saturate. The occurrence of lasing within this structure is evidenced by narrowing of

linewidth, threshold and saturation behavior.
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Figure 5.5: Time evolution of normalized population densities of upper and lower
lasing levels. This measurement is taken at a point 10 nm away from nanohole edge
(a) for 0.8 xpump threshold (b) for 1.2xpump threshold.

To observe temporal response of the gain medium modeled by 4-level 2-electron
system, we have plotted the normalized population of two lasing levels in Fig. 5.5.
Figure 5.5(a) shows the case when pumping amplitude is just below threshold (4x 107
V/m). At this pumping intensity, lasing levels fails to reach inverted populations. For
pumping above threshold (6x107 V/m) as shown in Fig. 5.5(b), population inversion
is achieved at approximately 100 fs. We also note the onset of lasing emission as

evidenced by the drastic change of populations levels around 150 fs.
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5.3 Effect of 1D PhC

The proposed laser is capable producing single mode lasing emission at room tem-
perature in the near-IR range. The nanohole arrays in the structure couples highly
confined plasmonic modes which supports extraordinary transmission. The feedback
necessary for lasing action is obtained from these plasmonic resonant modes coupled
in the near-IR wavelengths. Moreover, to further improve the lasing performance,
we have incorporated 1 dimensional photonic crystal on top of the gain medium.
This PhC structure forms optical Tamm state (OTS) which produces field enhance-
ment near the metallic layer and leads to substantial improvement of lasing emission
compared to the bare nanohole array structure with the gain medium.

We have systematically investigated the role of photonic crystal structure in im-
proving lasing emission of the proposed structure. In the previous chapter, we have
looked into the optical response of the passive structure. The normalized transmission
spectra for this passive structure with and without PhC layers was plotted in Fig. 4.15.
In absence of PhC, the Au nanohole array shows a relatively broad emission peak at
860 nm. This peak corresponds to single hole resonance of square nanohole array.
However, when PhC is added on top of this nanohole structure, we observed approx-
imately two-fold enhancement in emission and significant narrowing of transmission
linewidth. We also observed reduced transmission around 800 nm wavelength. This
reduced transmission aids in suppressing frequency components of pumping pulse in
the output emission. To understand how these improvements of transmission spectra
translates into laser performance, we look into results from complete laser simulations

with gain material.
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Figure 5.6: Emission spectra of of the proposed nanolaser structure for different
number of 1D PhC layers. Here, N= pairs of TiOy and MgF, layers in PhC.

In Fig. 5.6 we compare the emission spectra of a laser device with varying number
of MgF-TiO4 pairs, N with a design without the PhC. For the structure without
PhC, the gain material is sandwiched between a 200 nm thick TiO, and metal hole
array with thickness of 100 nm. Very low intensity and broad emission around 860
nm is observed for this design. However, as increasing numbers of PhC layers are
added to the structure, we notice that emission intensity increases almost by an order
of magnitude. Additionally, the emission shows increased spectral coherence as pro-
nounced linewidth narrowing is observed. Moreover, inspecting the spectrum around
800 nm wavelength, we note that adding layers of PhC suppresses the components of
scattered pump beam in output side.

To summarize, including PhC layer in nanohole array nanolaser design improves
laser performance in three ways. Firstly, emission intensity increased as efficiency of

outcoupling to free space radiation is improved via optical Tamm state resonance.
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Secondly, increased spectral coherence is achieved as a result of linewidth narrowing.

Thirdly, the scattering of pump pulse to the output side is suppressed.
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Figure 5.7: Emission spectra for nanolaser structures with Au, Ag, and Silica nanohole
array of the same dimension.

To delineate the vital contribution of plasmonic mode in the operation of this
device, we have simulated few other structures replacing the Au nanohole array.
Firstly, the Au nanohole array was substituted by a Silica nanohole array of the same
dimensions and lattice period. We observe that even for high pumping intensity,
there was no lasing in such device. The emission spectra for this structure is shown
in Fig. 5.7. Upon further investigation of the population levels of this structure,
we found that at high enough pump, the gain medium reaches population inversion,
but fails to support lasing emission. This is due to the fact that, despite the high
population inversion, Silica nanohole array cannot provide sufficient feedback essential
for lasing action. We also experimented with Ag nanohole array, which produced

lasing emission by facilitating feedback action through plasmonic modes between Ag
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and gain material.
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Figure 5.8: E-field intensity in the vicinity of the square hole array at lasing fre-
quency (XY plane). (a) Bare plasmonic nanohole array structure (b) Proposed
nanolaser structure with 1D PhC.
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Figure 5.9: E-field intensity in the vicinity of the square hole array at lasing
frequency(XZ plane). (a) Bare plasmonic nanohole array structure (b) Proposed
nanolaser structure with 1D PhC.

To further our understanding of the underlying mechanisms of lasing and contri-

bution of PhC structure, we have looked into electric field distributions at different
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sections of the laser structure. Figure 5.8 shows electric field intensity distribution of
the unit cell of the nanolaser at the interface between Au nanohole array and gain
medium. For bare nanohole array structure, as shown in Fig. 5.8(b), we observe
field enhancement on the sides of square holes. This field profile is characteristic to
localized surface plasmon modes. Moreover, the resonance observed in this figure is
for single hole resonance, as mode coupling between adjacent holes is negligible. We
conclude that resonances of individual nanoholes leads to lasing emission from the
device. In Fig. 5.8(a), field profile along the same nanohole array-gain medium inter-
face is shown for the structure with 1D PhC. While the mode profile is similar to that
of the bare nanohole array structure, we observe from the scale bar that intensity is
enhanced by two orders of magnitude due to inclusion of PhC structure. We attribute
this enhancement to coupling of optical Tamm state modes from 1D PhC resulting in
increased coupling of plasmonic mode which in turn leads to improved lasing emission.
Figure 5.9 shows the field profile of proposed nanolaser structure and bare nanohole
array structure along the X7 plane taken through the center of nanohole. Similar
field enhancement and high confinement of modal profile is observed in this plane as

well.

5.4 Tuning Mechanisms of Emission Wavelength

Emission of proposed plasmonic nanolaser structure can be engineered in a multitude
of ways. Spectral position of plasmonic resonance depends on the nanohole array
structure, its dimension and periodicity. Moreover, the optical Tamm state resonance

can be tuned with the dimensions of the dielectric layers and the gain layer.
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5.4.1 Terminating TiO, Layer Thickness

It was observed from the study of optical Tamm state resonant modes that the spectral

position of the resonances is highly sensitive to the thickness and refractive index of

the terminating layer of 1D photonic crystal.
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Figure 5.10: Emission spectra of the laser for different TiOs layer thicknesses, d;.

In proposed structure, we have varied the thickness of the terminating TiO, layer,

d; and observed significant shifting of lasing emission. In our study, emission of

proposed nanolaser for values of d; from 165 nm to 245 nm were calculated. The
results are illustrated in Fig. 5.10. We note that, varying the thickness of this dielectric

layer, emission can be tuned from 855 nm to 920 nm. Emission intensity reaches its

maxima for layer thickness of 210 nm. We note that emission peak reduces as

the peak emission wavelength moves away from 870 nm. This is due to the fact
that fluorescence spectra of IR-140 gain medium is centered around 870 nm. As the

optical Tamm state resonance moves away from this wavelength, the efficiency of
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energy transfer between plasmonic mode and gain medium is reduced. As a result,

reduced emission intensity is observed.

5.4.2 Gain Layer Thickness

Figure 5.11 shows the emission spectra for different gain layer width ranging from
275 nm to 415 nm. In this figure, we observe that, the peak wavelength of lasing
emission shifts from 860 nm to 920 nm. The peak intensity of the emission reaches
maximum when the gain medium thickness is around 320 nm. Further increment of
gain medium width did not result in lasing emission. As the gain medium thickness

is varied, the spectral characteristics around 800 nm wavelength change.
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Figure 5.11: Emission spectra of the laser for different gain material thicknesses, d,.
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5.4.3 Nanohole Depth and Width

We have studied the effect of variation of nanohole depth () and width (d,) on the
proposed nanolaser performance. Compared to the variation of gain and terminating
TiO4 layer thickness, relatively small spectral shift of lasing emission is observed. The
results are presented in Fig. 5.12. Hole depth, ¢, was varied from 50 nm to 400 nm and
hole width, d; was varied from 50 nm to 200 nm. Lasing emission demonstrates shift
of approximately 3 nm for hole depth variation and 15 nm for hole width variation.
We see that, for low values of hole depth, high intensity lasing is observed. When the
depth is increased, lasing intensity decreases monotonically (Fig. 5.12(a)) and lasing
is not observed beyond 300 nm of hole depth. Lasing peak remains within 886 + 1.5
nm. Similarly, Fig. 5.12(b) shows spectral response for variation of width of the
square nanoholes from 50 to 200 nm. We observed as hole width is increased, peak
lasing wavelength changes from 892 nm to 877 nm. We note that, plasmonic lasing
intensity is significantly reduced with decreasing hole width. This can be attributed to
the increased metallic loss in the nanohole array. The gain material cannot sufficiently

compensate this loss which results in reduced lasing emission.
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Figure 5.12: Effect of (a) hole depth and (b) hole width on lasing spectra.
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5.4.4 Angle of Incidence of Pump Pulse

The results and analysis of the proposed structure mentioned thus far in this work
has used input pump pulse normally incident on the nanolaser structure. In this
section, we analyze the system with obliquely incident pumping pulse. Figure 5.13
presents transmitted spectra for pumping pulse incident at a number of angles. The
incident angle has been varied from 0° to 25°. As angle of incidence is increased,
the lasing intensity decreases monotonically. Moreover, the lasing emission shows
blueshift from 880 nm to 858 nm. This blueshifting of lasing emission can be explained
with theoritical calculation by transfer matrix method [80]. The linewidth of the

emission remains sufficiently narrow despite the spectral shift.
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Figure 5.13: Emission spectra of the laser for different angles of incidence.
From the preceding discussions, we can see that lasing emission is highly sensitive

to gain layer and terminating TiO, layer thicknesses. These parameters can be utilized

to engineer the laser emission peak. However, the spectral shift induced by the
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different angle of incidence provide the option to tune laser emission in real-time.

5.4.5 Polarization of Incident Pump Pulse

Our proposed structure has symmetry along both x and y axes. As a result, the
emission spectra is identical for 0° and 90° polarization of pump beam. In Fig. 5.14,
emission spectrum for normally incident pumping pulse with polarization of 45° to
high symmetry axis is shown. At this polarization, the lasing emission occurs at the

same wavelength for polarization along high symmetry axis.
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Figure 5.14: Emission spectra of the laser for different polarizations of input pulse.

5.5 Far-field Directionality

Achieving far field directional radiation is one of the challenges of plasmonic lasers.
Structures using propagating modes at metal-dielectric interface suffers from the diffi-

culty associated with coupling the interface-confined surface plasmon polariton mode
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to the radiative mode in free space. As surface plasmon polariton dispersion lies be-
low the light line, there is a huge mismatch between the wave-vectors of plasmonic
mode and that of the free-space mode, which in turn results in diverging beams from
such structures.

To calculate the far field emission patter of the given laser structure, Near field
to far field transformation tool included in Lumerical FDTD solutions was used.
The far field data was obtained by transforming near field data obtained with a
frequency domain field profile monitor placed on the emission side of the laser. The
lasing simulations were carried out using periodic boundary conditions, which assumes
the structure to be infinitely periodic. However, to obtain far field data, the finite
dimensions of the device along x and y axis is necessary. For far field simulation the

structure was assumed to spanning 70 pgm in both x and y direction.
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Figure 5.15: Far field E-field intensity distribution. Far-field simulations were run
considering a structure of 70 pm x 70 pm dimension with plane wave incident on the
structure.

Apart from the dimensions of the periodic structure, ‘top hat’ type illumination
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was assumed for pumping pulse. As opposed to ‘Gaussian’ illumination, ‘top-hat’
illumination assumes that the pumping beam width is much larger than total device

dimension. In other words, total device is uniformly illuminated by the source.

6

Figure 5.16: Far field E-field intensity distribution as a function of polar angle, 6.

The plasmonic mode utilized in the proposed structure is localized mode present
in individual holes. In this structure, the square holes can be assumed to be acting
as dipole emitters radiating coherent spherical waves. These spherical waves interfere
constructively in far field to produce directional emission in along the surface-normal
direction. The resulting far-field emission at 1m is presented in Fig. 5.15. In this
figure, 6, and 6, denotes the angle the surface normal (along z-axis) forms along
x and y axis respectively. We observe very small divergence angle of ~ 1°. This
order of divergence angle is in agreement the experimental reports of extraordinary
transmission with subwavlength periodic perforations [15]. The Fig. 5.16 shows the
far field emission profile for a range of polar angle, 6 for fixed value of azimuthal

angle, ¢ = 0°. Along with the small divergence angle centered at 0°, we observe sinc
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function like pattern which is expected from rectangular aperture.
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Figure 5.17: Magnitudes of poynting vector recorded in near field monitor at lasing
frequency. (a) magnitude of poynting vector (b-d) orthogonal components of poynting
vector.

To further analyze the low divergence emission of proposed structure, we look into
the magnitude and vectorial components of poynting vectors at the near field moni-
tors. Poynting vector denotes the direction of propagation of a plane wave. Therefore,
for a highly directed beam, we expect the component of poynting vector along that
direction to significantly dominate over other orthogonal components. Figure 5.18
shows three different orthogonal components of the poynting vector along with its
magnitude plot. These data are recorded from the near field monitor placed on the
emission side of plasmonic nanolaser. As expected, we observe that the magnitude of

poynting vector component along the propagation direction (z-axis) is at least four
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orders of magnitude higher than that of other orthogonal components.
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Figure 5.18: Vector diagram of the poynting vectors drawn on the plane of the near
field monitor.

Another point we note from this figure is that the z component of the poynting
vector has almost uniform magnitude over the span of the frequency monitor. The
consequence of this observation becomes more apparent from Fig. 5.18, where the
vector diagram of the poynting vector is drawn on the XY plane of the near field
monitor. Since the magnitude of P, is quite uniform throughout the monitor and
it dominates significantly over other two orthogonal components, the direction of
resultant poynting vector is along z direction throughout the XY plane. These results

supports the low divergence angle obtained from the near to far-field transformations.
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Figure 5.19: Far field distribution of at 800 nm wavelength for a structure with lattice
period of 900 nm.

Another important consideration for designing this structure that stemmed from
far-field emission was its periodicity. The period of the nanohole arrays was chosen
to be 350 nm which is sub-wavelength in the region of operation. Due to this sub-
wavelength periodicity, the emission occurs only for zeroth order mode and higher
order modes are cut-off. In case of periodicity in the order of wavelength, emission
would be distributed into multiple order of diffracted mode. Far field emission at 800
nm for a structure of 900 nm lattice period is demonstrated in Fig. 5.19. In this figure
we see off-normal emission at £37°. Such diffracted modes causes emitted power to be
divided into each of these modes. Therefore, to achieve single narrow-beam emission

normal to the device, sub-wavelength period was chosen.
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5.6 Summary

In this chapter, we have presented our proposed plasmonic nanolaser structure and
investigated its performance and design criteria thoroughly. To improve nanocavity
performance, we have incorporated 1D PhC on top of the sub-wavelength nanohole
array. Doing so improves the cavity performance drastically. This improvement is
translated to substantial increase in emission intensity and narrowing of linewidth.
Moreover, addition of PhC provides a number of ways to engineer the peak emission
wavelength of laser over a wide range of wavelengths. We have thoroughly studied the
effect of different design parameters on laser performance. In addition, this plasmonic
crystal-based design is also capable of producing highly directional emission in the

far-field.
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Conclusion and Future Works

In this thesis, we have presented our work on designing an efficient plasmonic nanolaser
capable of producing near-IR narrow-beam emission at room temperature. To de-
sign such nanolaser, we have studied plasmonic light-matter interaction in metal-
dielectric structure and identified fundamental limits and bottlenecks affecting plas-
monic nanolaser performance. From the study of previous generations of plasmonic
lasers, we have found that laser designs using surface plasmon polariton modes at
metal-dielectric layers are prone to the issue of highly divergent lasing emission. For
this reason, to design the nanocavity for proposed laser, we chose to focus on plas-
monic crystal based structure for its inherently better far-field emission performance.
Existing plasmonic crystal based nanolaser exhibits few issues which affect their per-
formance. In many of the such lasers, the emission is coupled into multiple orders of
diffracted modes. As a result, lasing energy is distributed into a number of modes
leading to reduced intensity. In addition to that, we note that lasing emission is ob-
served in both the transmission side and the reflection side of device. This is another
source of inefficiency in such lasers. We proposed designs to increase performance of
plasmonic crystal based nanolasers by solving these issues.

To design plasmonic nanocavity, we have chosen square nanohole array in thin

83
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film Au. The lattice period of the nanohole array was chosen to be sub-wavelength.
This structure exhibits resonant zero order transmission at wavelengths correspond-
ing to the localized shape resonance of the square holes. Due to the sub-wavelength
dimension of the lattice period, only zeroth order diffracted mode can occur under
normal incidence. As a result, lasing emission of this nanocavity with gain medium
is confined to a single diffracted mode. However, from transmission and reflection
spectra, we noted couple of issues with this design. Firstly, emission at lasing wave-
length was observed in both the transmission side and reflection side of the device.
In addition to that, transmission spectra showed considerable forward scattering of
pump beam through the device, which is undesirable in laser output.

To rectify these issues, we explored different approaches to increase extraordinary
transmission through the structure. Additionally, we needed to suppress the forward
scattering of pump beam in output side. To engineer the spectral property of the
nanocavity, we added a one dimensional photonic crystal structure on top of the plas-
monic nanohole array design. This photonic crystal was designed in such way that it
couples to optical Tamm state modes at lasing wavelength. At optical Tamm reso-
nance, high electric field at the vicinity of metal layer is observed. This enhancement
leads to increased coupling to radiative mode through the nanocavity. Consequently,
approximately 90% improvement in transmission intensity was achieved. Moreover,
the forward scattering of pump beam through nanohole structure was reduced by
80%. Hence, using this nanocavity design, laser simulation produced drastic increase
in lasing emission intensity and suppressed pump beam in output spectra. Thus, we
could fulfill our primary objective of this thesis of designing an efficient plasmonic
nanolaser. In this plasmonic crystal-based design incorporating photonic crystal, we
managed to efficiently confine laser emission to the transmission side through the
zeroth order of diffraction mode.

Apart from increasing efficiency of the nanolaser system, 1D PhC allows us to
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engineer the lasing emission wavelength. By controlling the thickness of PhC lay-
ers, we can tune the emission peak over a 60 nm range. Whereas, we can shift the
emission wavelength by approximately 15 nm via changing the dimensions of plas-
monic nanocrystals. Furthermore, the lasing emission wavelength can be tuned by
approximately 20 nm in real-time by changing angle of incidence from 0° to 25°.

In this work, we have also investigated the far-field radiation pattern of the pro-
posed nanolaser design. We have numerically simulated the far-field emission pat-
tern from near-field monitors placed on the transmission side. From calculations,
we found this nanolaser shows very narrow-beam emission with divergence angle of
approximately 1°. To understand far-field property of this design, the components
of Poynting vectors in the near-field monitors were calculated. We observed that the
component of Poynting vector normal to the surface of the nanolaser dominates all
other components by several orders of magnitude. Therefore, the resultant Poynt-
ing vector is oriented along the surface-normal of the device which results in highly

collimated beam with very low divergence.

6.1 Future Works

While this proposed laser shows remarkable improvement in laser performance, there

are still a number of ways to achieve further refinement of device operation.

e The proposed nanocavity is resonant only at lasing frequency. If the cavity can
also be made resonant at pumping frequency, it could lead to higher pumping
efficiency. One way it could be achieved is through coupling of multiple optical
Tamm states. Recently, studies have been published reporting occurrence of
multiple Tamm state modes within the stopband of PhC [76]. This phenomena
can be explored to reach higher pumping efficiency by designing the structure

so that one of the Tamm resonance occurs at pumping frequency and other at
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lasing frequency. Another approach that could be taken is to use additional
dielectric or metallic nano-particles to induce localized or collective resonance

at pumping frequency.

e Metallic corrugations around single nanoapertures have been studied exten-
sively to produce enhanced transmission. To increase emission efficiency of this
nanolaser, effect of such corrugations in output side of metallic hole array could

also be explored.

e A significant source of loss in this nanolaser design is ohmic loss at metal inter-
face. One way to reduce this loss is to use dielectric spacer layer between gain
medium and the metal layer. This could potentially increase spectral coherence

of lasing emission.
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