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ABSTRACT

This Ph.D. dissertation presents two novel approaches in the field of materials science and
nanotechnology. The first part introduces an integrated photodetector design that combines a two-
dimensional material, MoS,, with plasmonic structures. Nanoantenna arrays (NAs) are positioned
above and below the MoS; layer to enhance the electric field, reducing the gap between the NA layers
to the nanometer scale. The fabrication process of the NAs/MoS,/NAs photodetector is detailed,
encompassing the transfer of MoS, nanosheets, patterning of NAs, and alignment of the top layer
NAs. The characterization of the fabricated photodetector includes the morphology analysis of
MoS;, Raman spectrum evaluation, and scanning electron microscope imaging. Finite difference
time domain (FDTD) simulations investigate the plasmonic enhancement mechanism, revealing the
distribution of electric field enhancement and absorption for different incident light polarizations.
The results demonstrate a significant local electric field enhancement at the nanoantenna interface,
with an enhancement factor of up to 25. These findings substantiate the potential of the proposed
integrated photodetector for enhanced optical field and absorption, which can be leveraged in
photodetection and nonlinear optical processes.

The thesis then investigates the electrical characterization of MoS,-based photodetectors, fo-
cusing on photosensitivity and optimization parameters. Experimental measurements of photo-
conductivity, resistance, and photocurrent under laser-on and laser-off conditions reveal increased
photosensitivity with laser power and applied bias voltage. By incorporating NAs on the top and
bottom, the electron-hole pair generation is enhanced and resistance is reduced. Moreover, inten-
tional adjustments are made to increase the lateral distance and size of the NAs to specifically focus
on the nanoscale vertical gap and eliminate the lateral gap effect during the experiment. The study
identifies the optimized conditions for high net photocurrent and minimal power consumption.
The NAs/MoS,/NAs device exhibits the highest responsivity among the tested devices, providing
insights into the electrical characteristics of MoS;-based photodetectors.

Next, the thesis explores the nonlinear absorption behavior of NAs integrated devices, in

bare MoS;, NA/MoS;, and NA/MoS,/NA layouts. Hyperspectral stimulated Raman scattering



(hsSRS) imaging is employed to investigate the impact of the layered nanostructure on nonlinear
absorption. Experimental results reveal distinct absorption characteristics in bare MoS;, NA/MoS,,
and NA/MoS,/NA regions for various beam separation times. The double-layered NA/MoS;/NA
structure exhibits the strongest two-photon absorption (2PA) and demonstrates the influence of
pulse timing on the nonlinear absorption process. The exceptional nonlinear optical properties
observed in the NA/MoS,/NA structure make it a promising candidate for various applications,
including near-infrared detection, energy harvesting, and spectroscopy of organic materials.

On the second part of the dissertation, a novel technique called reactive pulsed laser deposition
of SiC is introduced, enabling precise and controlled deposition of large amount of SiC particles.
The technique utilizes a pulsed laser to generate a localized hot spot on a target source, leading to
the ejection of sillicon (Si) and carbon (C) atoms towards a substrate through laser-induced plasma
expulsion. The ejected atoms combine to form SiC nanoparticles, which condense onto the substrate
surface, allowing for selective local processing and pre-patterned shape printing. The fabricated
SiC particles exhibit interesting photoluminescent properties and enable the fabrication of a diode
with distinct current rectification behavior. The experimental results demonstrate the effectiveness
of the reactive pulsed laser deposition technique in achieving controlled SiC deposition, showcasing
its potential for advancing SiC-based electronic devices and structures.

This Ph.D. thesis contributes to the understanding of integrated photodetectors, nonlinear optical
effects, and precise material deposition techniques. The findings pave the way for enhanced optical
field and absorption in photodetection, nonlinear optical processes, SiC-based devices, and offer

opportunities for various research fields.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Semiconductor nanotechnology has witnessed remarkable advancements in recent years, of-
fering tremendous potential for revolutionizing various scientific and technological domains. The
ability to engineer and manipulate materials at the nanoscale has opened up new opportunities to
enhance device performance, energy efficiency, and functionality. In this context, the focus of this
research is on exploring semiconductor nanotechnology and investigating plasmonic nanostructures
in two-dimensional semiconductor materials. Additionally, the development of a reactive pulsed
laser deposition technique is pursued to address the challenges and limitations associated with
material synthesis and fabrication.

In our present epoch, the pervasive penetration of electronic materials into the fabric of everyday
life is undeniable. Billions of individuals now seamlessly integrate these materials into their
quotidian routines. From the intricate ecosystem of computing devices to the intricate web of
communication tools, the very essence of these systems is founded upon a symphony of electronic
materials. Materials like Si, SiC, GaAs, and their ilk reign supreme, owing to their idiosyncratic
properties that pivot upon the orchestrated dance of electrons. Yet, the ceaseless quest for heightened
reliability, steadfast dependability, and cost-effectiveness remains an ongoing narrative.

The bedrock of our emphasis on semiconductor nanotechnology finds its rationale in the dis-
tinct advantages it unfurls. At the nanoscale, materials exhibit distinct properties and behaviors
compared to their bulk counterparts. Two-dimensional semiconductor materials, such as molyb-
denum disulfide (MoS,), possess exceptional properties like high carrier mobility, direct bandgap,
and mechanical flexibility. These properties make them highly attractive for a wide range of ap-
plications, including electronics, photonics, optoelectronics, and sensing [4], [5]. However, the
optoelectronics, such as phototransistors based on MoS,, have exhibited limited performance in
terms of photoresponsivity. This limitation can be attributed to the inadequate light absorption

properties of MoS,, which significantly affects its ability to efficiently convert incident light into



electrical signals [6], [7]. Thus, there is a critical need to enhance the light absorption capabilities
of MoS;-based phototransistors in order to improve their overall performance and enable their
practical applications in various fields.

The development of the reactive pulsed laser deposition technique is motivated by the need for
a precise, efficient, and environmentally friendly method for synthesizing and fabricating sillicon
carbide material. Conventional fabrication techniques, such as plasma-enhanced chemical vapor
deposition or epitaxy growth, pose challenges in terms of their impact on existing devices on
the wafer [8], [9]. These techniques involve subjecting the entire wafer to high temperatures and
pressures, which can potentially affect the functionality of the already present devices. Additionally,
after SiC synthesis, traditional approaches often require etching steps to shape the desired structure.
However, this introduces arisk of damaging the existing devices on the wafer. As aresult, alternative
fabrication techniques are sought to overcome these limitations and enable the precise synthesis
and shaping of SiC structures without compromising the integrity of the surrounding devices.

Moreover, metal-oxide-semiconductor field-effect transistors (MOSFETs) have served as the
cornerstone of the semiconductor industry for a long time, encompassing a wide range of materials
beyond silicon. These MOSFETs are integral components in modern microprocessors, memory
chips, and telecommunication circuits, playing a pivotal role in driving advancements across various
sectors. The performance improvements in MOSFETSs are instrumental in fueling progress in fields
such as electronics, telecommunications, and computing. With the semiconductor chip market
boasting an annual volume of approximately 300 billion US dollars, digital integrated circuits (ICs)
account for a substantial portion, representing around 70% of the overall market [10]-[12]. Today’s
digital ICs heavily rely on complementary metal-oxide-semiconductor (CMOS) structures, which
incorporate both n-channel and p-channel transistors to facilitate efficient electron-dominated and
hole-dominated transistor currents, respectively. As the dimensions of MOSFETs continue to
shrink, the integration density and speed capabilities of CMOS ICs have experienced remarkable
advancements over the past few decades.

To sustain this progress and push the boundaries of semiconductor technology, it is essential to



explore new materials beyond silicon and develop innovative synthesis methods. The semiconductor
industry seeks to leverage the unique properties of alternative materials such as gallium nitride
(GaN), indium phosphide (InP), and gallium arsenide (GaAs) to overcome the limitations of silicon
and enhance device performance. However, the integration of these materials into practical devices
requires the development of reliable and scalable synthesis techniques. New material synthesis
methods, such as reactive pulsed laser deposition, present exciting opportunities for selective and
controlled deposition of materials like SiC nanoparticles and films, opening doors to enhanced
device functionalities and applications.

The exploration of new materials and the development of advanced synthesis methods are critical
for sustaining the growth and innovation within the semiconductor industry. By expanding the range
of materials and improving their synthesis techniques, researchers and engineers can continue to
drive progress, enabling more powerful, energy-efficient, and versatile electronic devices that will

shape the future of technology.

1.2 Unleashing the Power of Plasmonics: Exploring the Fundamentals

As highlighted in the preceding section, there exists a pressing requirement to amplify the
light absorption capabilities of phototransistors or photodetectors based on low dimensional semi-
conductors. In response to this critical demand, recent advancements in the comprehension of
plasmon-enhanced light-matter interactions at the nanometer scale offer a promising avenue for
augmenting light absorption [13]. This emerging understanding provides a viable solution to ad-
dress the aforementioned challenge, presenting significant opportunities for advancing the field
of semiconductor-based optoelectronics. By harnessing the principles of plasmonics, novel ap-
proaches can be devised to enhance the efficiency of light absorption in low dimensional semicon-
ductor devices, ushering in a new era of improved performance and functionality.

The profound insights into classical electrodynamics serve as the cornerstone for investigating
the fundamental concepts of classical plasmonics. Within the realm of classical electrodynamics’
validity, researchers can unlock the secrets of plasmonic excitations in a given system by employing

Maxwell’s equations, along with the relevant boundary conditions, and complementing them



with the characterization of the materials’ local response. Within this context, we review the
fundamentals of the prominent characteristics displayed by propagating surface plasmon polaritons
residing at planar interfaces between dielectric and metal materials. Additionally, we delve into the

realm of localized surface plasmons, with particular emphasis on metal particles.

1.2.1 Plasmonics in Metallic Nanostructures

Figure 1.1 provides valuable insights into the fundamental principles of plasmonics, the behavior
of charges inside a metallic nanostructure under the influence of external electrostatic fields. In
our research, the metallic nanostructures are made of gold, which can be seen as very good electric
conductors. As very good electric conductors, they exhibit a distinct property wherein mobile
conduction electrons redistribute themselves within the material to nullify the net electric field
inside. Consequently, the application of an external field prompts the displacement of conduction
electrons, leading to the accumulation of negatively charged mobile electrons on one side, while
fixed positive ions reside on the other side, as demonstrated in Figure 1.1.

This charge separation engenders an internal electrostatic field effectively counterbalancing the
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Figure 1.1 Electron and ion distribution within a metallic nanostructure under an applied external
electric field.



AN NI
ad

Time (t)

Figure 1.2 Temporal evolution of electron-ion displacement in metallic nanoparticles. The plot
illustrates the displacement of electrons relative to ions as a function of time.

Displacement of electron and ions (x)

external field. Thus, the opposing internal field generated by the charge separation within the
material cancels out the external field and the net electric field inside the nanostructure is zero.
After the removal of the external electrostatic field, the system undergoes a response, where the
charge separation still exists within the material, resulting in the internal electric field. However,
the field within the nanostructure is no longer balanced at zero. As a consequence, the mobile
electrons experience a restoring force that pulls them back towards the ion side. Here, the electrons
do not immediately recombine with the ions. Instead, their inertia carries them to the opposite side
of the ions. The oscillatory motion of the electrons around the ions is decaying over the time. As
in Figure 1.2, the oscillation occurs at a characteristic frequency w,,, with a period of 27 /w,,. Over
time, this oscillation decays due to ohmic losses until the electrons reunite with their ions, and the
net field within the material returns to zero [14].

Two distinct types of oscillations exist within conductive nanostructures, namely bulk plasmons
and surface plasmons. Bulk plasmons entail charge oscillations that propagate throughout the entire

volume of the conductive material. On the other hand, surface plasmons exclusively occur at the



surface of the metallic material, with no influence on the sea of conducting electrons that can move
around the immobile Au ions within the material’s interior. This dissertation and the subsequent
work primarily focus on the investigation of surface plasmons and their potential for inducing local

electric field enhancements.

1.2.2 Frequency Domain Maxwell’s Equations in Nanophotonics

Having established the general picture of the classical plasmon oscillation in a metallic nanos-
tructure, we now possess the essential knowledge necessary to introduce the fundamental concepts
of classical plasmonics. Within the realm of classical electrodynamics’, the plasmonic excita-
tions exhibited in a given system can be comprehensively determined by applying the Maxwell’s
equations, accompanied by the appropriate boundary conditions, and supplementing them with
the characterization of the local response of the material. This integrated approach allows for a
complete understanding of the plasmonic phenomena and their behavior in various systems.

To recapitulate the foundational knowledge, we begin with the macroscopic Maxwell’s equa-
tions, which serve as a fundamental framework for describing classical electromagnetic systems

[15]. These equations are as follows:

V-D(r,t) = py(r,t) Gauss’ law, (1.1)
V-B(r,t) =0 magnetic Gauss’ law, (1.2)
VXE(r,t) = —(%B(r, r) Faraday’s law, (1.3)
VxH(r,t) = %D(r, t)+Jp(r, 1) Maxwell-Ampere’s law, (1.4)

Within the defined three-dimensional vector space, r = xX + yy + zZ. Here, E and H represent
the fundamental components of electromagnetic fields, namely the electric and magnetic fields,
respectively. Vector D denotes the electric displacement, while B represents the magnetic induction.
The symbol J corresponds to the (free) current density, and p s signifies the charge density. An

important relationship is revealed by the continuity equation, which ensures charge conservation



and is expressed as:
0
V-Ju(r,1) + Epv(r, 1) =0, (1.5)

where the subscript v can pertain to free, induced, or external circumstances, respectively [15].
Assuming the fields to be monochromatic and harmonic in time, characterized by a decay factor

of e™'“! | the aforementioned equations can be conveniently reformulated in the frequency domain:

V-D(r,w) = ps(r,w), (1.6)
V-H(r,w) =0, (1.7)
VXE(r, w) = iwB(r, ), (1.8)
VxH(r, w) = —iwD(r,w) + J¢(r, w). (1.9)

Simultaneously, the continuity equation can be simplified as:
V-J, (r,w) —iwp,(r,w) = 0. (1.10)

The free current density, Jr, comprises contributions from both the induced current density,
represented by J;,4, and the external current density, denoted as J.,;. These two components
collectively determine the overall behavior of the free current within the system. The induced
current density arises as a response to the electric field present within the medium, while the external
current density represents any additional current sources that exist in the system. Consequently,
the total free current density can be expressed as the sum of the induced current density and the
external current density. Similarly, the free charge density, pr, can be written as the sum of the
induced charge density, p;,4, and the external charge density, pey;-

In the realm of understanding electromagnetic interactions within materials, it is recognized
that both the conductivity and the dielectric function offer distinct but complementary perspectives.
These two approaches serve as alternative means of describing the same physical properties [16].
In various textbooks and literature, it is often observed that when considering both the electric

displacement D and the induced current density J;,,; simultaneously, the former is utilized to quantify



the response originating from bound polarization charges, expressed through the parameter € = €.,
given the relationship D = €yeE. On the other hand, the contribution arising from free carriers is
typically described by J;,4 via the conductivity term o, as represented by J = o E. In the case of
insulators, the induced current density is inherently zero. However, for metals, it accounts for the
involvement of conduction electrons or holes, while the electric displacement serves to characterize
the background polarization attributed to core electrons. It is observed that segregating a material’s
response into two distinct components, namely D and J;,,4, can present tedious in certain scenarios.
Consequently, in the realm of nanophotonics, where nanoscale phenomena are of interest, it is more
advantageous to combine the effects of bound polarization and free charges into a unified total
dielectric function, resulting in a comprehensive representation of the material’s electromagnetic
response:

c—el il (1.11)

WE(

By employing the relationship in equation 1.11, one can effectively substitute D with D +iw™'J;nq,

thereby yielding a modified displacement vector. As a result, the Maxwell’s equations presented in

equations 1.6 - 1.9 can be reformulated as follows:

V-D(r,w) = pex(r,w), (1.12)
V-H(r,w) =0, (1.13)
VXE(r, w) = iwB(r, ), (1.14)
VxH(r, w) = —iwD(r, ®) + Jou (T, w). (1.15)

Thus, the revised formulation consolidates the representation of all free conduction carriers and
currents within the modified displacement vector, D. In contrast, the scalar quantities p,,; and
Jex: serve the purpose of delineating external charges and currents, respectively. Importantly, the
equation highlights that when excluding external charges and currents, one only needs to consider
the term D and the total dielectric function €. By adopting this unified approach, the comprehensive
framework encompasses both the response of the induced background polarization and the induced

current arising from free carriers.



1.2.3 Interface Between Metal and Dielectric

Here, we present a comprehensive overview of the distinctive characteristics exhibited by
propagating surface plasmon polaritons, which are sustained at planar interfaces between dielectric
and metal materials as in Figure 1.3. This setting closely resembles the experimental conditions
employed, enabling us to effectively simulate and analyze the intricate dynamics associated at the
top surface of the nanostructure.

Consider the scenario depicted in Figure 1.3, where we examine a simple planar interface that
separates two distinct media. Specifically, the region where z > 0 represents a dielectric medium
characterized by its dielectric constant, denoted as €4 (assumed to be frequency-independent for
simplicity). Conversely, the region where z < 0 corresponds to the metallic component, whose
dielectric function e, (w) exhibits a dependence on frequency. To simplify our analysis, we assume
that the media are uniform along the y axis. Our focus lies on investigating solutions for p-polarized
(parallel) waves or transverse magnetic (TM) waves.

It is important to note that traditional dielectric-metal interfaces have been shown to support
surface plasmon polaritons primarily for p-polarization, as indicated by previous studies [17], [18].
However, recent investigations have revealed that in the case of doped graphene, a two-dimensional

material, both p- and s-polarized (perpendicular) surface waves can exist [17]. Nevertheless, it is

24 dielectric €4

\4

metal €m (@) o

Figure 1.3 Schematic depiction of a planar interface between a dielectric medium and a metal at
z = 0 plane. The dielectric constant, €4, is used to characterize the the dielectric medium, where
we ignore the frequency dependence for simplicity. The frequency dependent dielectric function,
em(w) is used to describe the electromagnetic perperties within the conductor.



noteworthy that s-polarized waves exhibit weaker confinement effects and are generally of lesser
significance compared to the profound field confinement observed in p-polarized surface waves.
In our analysis, we specifically focus on the propagation of p-polarized waves along the x-axis
direction, which decay exponentially along the z-axis. To account for time dependence, we assume
a harmonic decay factor of e™'“’. Consequently, the decay of the wave in the dielectric medium

can be expressed as follows [19]:

Ey(r) = [Ec &k + E. 2] e eka?, (1.16)

H,(r) = Hy ge'%eke7y. (1.17)
Similarly, the decay in the metallic region can be described by:

E,(r) = [Ex X + E_ pi]e"efm?, (1.18)

H,,(r) = H, e efny. (1.19)

In the above equations, the parameter g represents the wavevector or the propagation constant of the
surface plasmon polaritons. Additionally, k,, and k, characterize the decay of the electromagnetic
fields in the perpendicular direction, influencing the vertical field confinement.

To establish the relationships among the various field components within each medium, we can
insert the derived expressions in equations 1.16 - 1.19 into the corresponding Maxwell’s equations,

1.12 - 1.15. This process leads us to the following relations:

w
Hy,j = —;E()EJ‘EZ,J', (120)
W
Hy,j = —SleE()GjExJ, (121)
J
E.; =sjiLE,. (1.22)
kj

Here, the subscript j represents either the dielectric (d) or the metal () medium. It is noteworthy
that €y denotes the permittivity of vacuum, ¢ = 1/4/éppto signifies the speed of light in free space,

and po represents the magnetic permeability of vacuum. Additionally, the quantity s; is defined
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using Kronecker delta functions as s; = ;4 — 6 ,,. Furthermore, we can derive the decay factor for

the field along the perpendicular direction as follows:
ki*=q*+ (w/c)e;. (1.23)

Considering the continuity and tangential component of boundary conditions, which are well-
established in the literature for the two-dimensional version [15], [20]-[22], we have the following

expressions:

fix (Ey—Ej) =0, (1.24)

fix (Hy - Hy) =K, (1.25)

In this context, the subscripts 1 and 2 correspond to the two adjacent mediums separated by the
interface. The unit vector fh points normal to the interface, and K is a quantity derived from the
two-dimensional continuity equation.

Now, the next step involves ensuring the consistency of the electromagnetic fields on both
sides of the interface by satisfying the boundary conditions as in equations 1.24 and 1.25. These
conditions express the continuity of the tangential components of the electromagnetic field across

the interface, and they lead us to the following results:

Ex,d - Ex,m =0, (1.26)

Hyg—Hy,, =0. (1.27)

Upon substituting equations 1.20 - 1.22 into the aforementioned conditions, an implication

emerges for the dispersion relation of surface plasmon polaritons [17], [18]:

€4 €Em
—+—=0. 1.28
roRirs (1.28)

This equation holds as an implicit condition, driven by the explicit dependence of k; , on both the
frequency w and the parallel wavevector g, symbolized by k., = kgm(q, w). Additionally, it is
important to note that the dielectric function for metals or metallic nanostructures in experimental

settings is frequency-dependent, represented as €, = €, (w).
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Based on these fundamental relations and conditions, a crucial requirement for the presence of
surface plasmon polaritons is that the real part of the wavevector, Re k4 ,,, must be greater than zero
(Re kg,, > 0). This condition ensures that the electromagnetic wave decays along the direction
perpendicular to the medium interface. Consequently, it necessitates that the dielectric functions
of the two mediums, €; and ¢,,, possess opposite signs. Typically, insulators have a positive sign
for their dielectric function (Re €; = Re €; > 0), indicating that the dielectric function for the other
half-space must be negative (Re €, < 0). These conditions are essential for the existence of SPPs
and are particularly relevant in scenarios involving metallic mediums under frequencies ranging
below the visible/near-infrared [17], [18].

Finally, the relationship between the wavevector of surface plasmon polaritons (SPPs) and their
corresponding frequency can be established by using the alternative form of equation 1.23 [17],

[23], [24]. This allows us to express the SPPs’ wavevector as follows:

w €d€m
=—/ : 1.29
Dspp c\Nes+ey, ( )

In this expression, g;,, represents the wavevector of the SPPs, which is intimately linked to its

frequency. The equation demonstrates the dependency of the SPPs’ wavevector on the permittivity
of the dielectric medium (e,4) and the permittivity of the metallic medium (e,). As the frequency
w is varied, the corresponding wavevector g, is determined by the intricate interplay between the

dielectric and metallic properties.

1.3 Two-Dimensional (2D) Materials: Properties and Applications

Two-dimensional (2D) materials have garnered significant attention in the field of materials
science and condensed matter physics due to their unique and fascinating properties in the past
decade. These materials are composed of a single or few layers of atoms, creating an ultrathin
structure with intriguing electronic, mechanical, and optical characteristics. Graphene, a single
layer of carbon atoms arranged in a honeycomb lattice, is the prototypical 2D material and has
been extensively studied since its discovery in 2004 [25]-[28]. However, beyond graphene, a

diverse family of 2D materials with varying chemical compositions and structures has emerged,
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Figure 1.4 Illustration of the electromagnetic spectrum and highlights of the applications that
leverage distinct spectral ranges. The atomic structures of four 2D materials, namely hexagonal
boron nitride (hBN), molybdenum disulfide (MoS,), black phosphorus (BP), and graphene, are
displayed in the bottom part of the panel from left to right [29].

each possessing distinct properties and potential applications. Recent experimental investigations
have provided compelling evidence that a wide range of 2D materials exhibit a rich spectrum of
electronic properties. These materials encompass diverse characteristics, spanning from insulating
hexagonal boron nitride to semiconducting transition metal dichalcogenides like MoS; and black
phosphorus (BP), and even extending to the semimetallic nature of graphene, as visually represented
in Figure 1.4 [29].

Within this section, we aim to provide a concise overview of some of the most prominent 2D

semiconductors, elucidating their electronic and optoelectronic characteristics.
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Figure 1.5 Graphene, a foundational 2D carbon material, serves as the building block for carbon
structures across all dimensionalities. It manifests as 0D buckyballs when wrapped up, transforms
into 1D nanotubes upon rolling, and assembles into 3D graphite when stacked. [30].

1.3.1 Graphene

The atomic arrangement in 2D materials plays a pivotal role in dictating their unique properties.
As a consequence of confinement along the vertical direction, electrons within these materials
experience quantum confinement effects, leading to exceptional electronic characteristics, such as
high electron mobility. Furthermore, the absence of dangling bonds on the surface of 2D materials
renders them remarkably stable, even under ambient conditions. Graphene, an iconic member of the
emerging class of 2D materials (Figure 1.5), exhibits a distinctive electronic structure characterized

by a linear energy dispersion relation near the Fermi level, giving rise to massless Dirac fermions
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(a) (b)

Figure 1.6 The energy band structure of graphene is depicted in panel (a), illustrating the unique
arrangement of energy bands resulting from the two-dimensional hexagonal lattice of carbon
atoms. Notably, graphene exhibits a linear energy dispersion around the Fermi energy, as shown
in panel (b). This linear dispersion is represented by the Dirac cone at the high-symmetry points
K and K’ in the Brillouin zone, indicative of the massless Dirac fermions behavior of charge
carriers in graphene. [33], [34].

[31]. These Dirac fermions bestow graphene with extraordinary electronic properties, including
high electron mobility and remarkably high thermal conductivity [30]. However, the lack of a
bandgap in pristine graphene’s electronic structure presents both opportunities and challenges in
electronic applications.

Graphene possesses a honeycomb lattice structure, comprising a single layer of carbon atoms
arranged in a two-dimensional hexagonal lattice, resembling a flat sheet. Each carbon atom forms
sp? hybridized carbon-carbon bonds with three neighboring carbon atoms [32]. Additionally,
within the lattice, each carbon atom exhibits one unhybridized p-orbital that lies perpendicular to
the plane of the sheet. These delocalized m-electrons facilitate w-bonding interactions between
adjacent carbon atoms, resulting in a continuous system of conjugated electrons spanning the entire
graphene sheet. As a consequence, graphene showcases a linear energy dispersion relation near
the Fermi level [33].

The band structure of graphene stands as a fundamental aspect governing its electronic prop-
erties, playing a decisive role in defining its unique behavior. At the high-symmetry points K and

K’ within the Brillouin zone, situated at the corners of the hexagonal lattice, the valence and con-
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Figure 1.7 Graphene conductivity (G) as a function of gate voltage at a temperature of T = 300 K,
showcasing the variation of conductivity with the applied gate voltage [39].

duction bands intersect tangentially, giving rise to a conical energy dispersion widely recognized
as the Dirac cone, illustrated in Figure 1.6 [33], [34]. This linear dispersion relation serves as
a characteristic hallmark of the relativistic-like conduct of charge carriers in graphene, with the
charge carriers being described as massless Dirac fermions [30].

The energy dispersion relation for charge carriers in graphene can be described by the Dirac
relativistic equation, which captures the linear relationship between energy (E>p) and wave vector
(k). Near the Fermi level, the energy of charge carriers in graphene can be approximated as
E>p = hvpk, where 71 is the reduced Planck’s constant and v is the Fermi velocity [35]. The
Fermi velocity in graphene is approximately 10® m/s, resulting in high charge carrier mobility and
electrical conductivity.

Graphene-based devices demonstrate remarkable carrier concentrations as well, surpassing 10'3
cm~2. The room temperature mobility achieved through mechanical exfoliation can exceed 10,000
cm?/Vs, and at low temperature conditions, it can reach an impressive 200,000 cm?/Vs [36], [37].
Comparatively, the common material for electronics, Si, reports a room temperature mobility of

1,400 cm?/Vs [38].

Figure 1.7 presents the measured conductivity of graphene flakes, showcasing an increase in
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conductivity on both sides of the applied gate voltage [39]. Moreover, an inverse relationship
can be observed for the sheet resistivity, reaching its maximum at 0 V gate voltage. Additionally,
the remarkable phenomenon of the ’magic’ angle (Figure 1.8) emerges in bilayer graphene at
approximately 1.1° [40]. This unique configuration leads to the formation of flat bands near the
Fermi energy in the electronic band structure, resulting in intriguing correlated insulating states
when the material is at half-filling. Remarkably, electrostatic doping of the material away from
these correlated insulating states leads to the observation of tunable zero-resistance states. These
zero-resistance states exhibit a critical temperature of up to 1.7 kelvin, representing a captivating
avenue for potential applications and further exploration in graphene research.

Despite its extraordinary and promising properties, graphene is not ideal for electronic transistor
applications due to its inherent zero band gap structure. This characteristic results in graphene
transistors typically having an on-off ratio lower than 10 at room temperature, limiting their
practical utility [41]. Consequently, this has motivated further research into exploring different
2D semiconductor materials that may hold the potential for future development in electronic
applications. Understanding these mechanisms becomes challenging without delving into the
specifics of graphene, as it forms the foundation for comprehending the intricacies underlying other

2D semiconductor materials.

A

Figure 1.8 Moiré pattern formation depicted through a schematic illustration, arising from the
twist angle between the two layers. The normalized local density of states (LDOS) is computed
for the flat bands with energy greater than zero at a twist angle of 6 = 1.08° [1], [2].
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1.3.2 Molybdenum Disulfide (MoS;)

Another novel 2D semiconductor material that garnered significant attention shortly after
graphene’s discovery [42] is Molybdenum disulfide (MoS;). As one of the most typical 2D
transition metal dichalcogenides (TMDCs), MoS; possesses a larger bandgap, rendering it distinc-
tive in its electronic properties. MoS; has recently emerged as a subject of worldwide interest in
various fields, including photodetectors, biosensors, field-effect transistors, and batteries [43]-[46].
Like graphene, the advantages of MoS,, and other TMDC:s, stem from their high surface-to-volume
ratio and extraordinary electric, mechanical, chemical, optical, and magnetic behaviors, making
them promising candidates for diverse applications and innovative research endeavors.

Similarly to graphene, MoS, can be mechanically exfoliated from bulk materials [48]. Recent
research has also introduced rapid synthesis and characterization methods, including the microme-
chanical cleavage technique [49]. With a direct bandgap of approximately 1.8 €V in monolayer

MoS,, the material showcases its potential for electronic devices with significant on/off ratio and
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Figure 1.9 Crystal structures of MoSo, illustrating the 2H, 3R, and 1T phase. In the representation,
Mo atoms are denoted in red, while S atoms are shown in yellow. [47].
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MosS; bulk MoS, monolayer

E; (Hartree)

Figure 1.10 Band structures of bulk and monolayer MoS; computed using the first principles
density functional theory [3].

logic operations [50]. Notably, the electron mobility in a 0.65 nm thick MoS; layer rivals that of a
2 nm thick Si sheet [51]. Considering that fabricating Si material at such thickness is not feasible,
MoS;-based chips hold the promise of achieving much smaller dimensions than state-of-the-art Si
chips, ushering in a new era of compact and efficient electronic devices.

The atomic stacking configuration of MoS; manifests in three distinct polymorphs: 2H, 1T, and
3R, as depicted in Figure 1.9 [47]. Each polymorph corresponds to unique physical properties. In
its bulk form, MoS, thermodynamically favors the 2H phase, characterized by a hexagonal stacking
arrangement of S-Mo-S. On the other hand, the 1T metastable phase is not naturally occurring,
but it can be obtained from the 2H bulk material through chemical or electrochemical exfoliation
[47]. Notably, the 1T phase consists of only one layer per unit cell, with Mo atoms arranged in an
octahedral symmetric configuration.

Comparing to the linear disperation band structure near the K point in graphene, the first density
function theory (DFT) shows the bulk MoS, bandgap transition at I'-potin is indirect (1.2 eV) and
shifting to direct (1.8 eV) while decreasing the number of layers as shown in Figure 1.10 [3].

In the context of a field-effect transistor (FET), MoS, emerges as the channel material that
connects the source and drain electrodes [52]. By incorporating a dielectric layer, the transistor can

be equipped with either a top or a bottom gate. For the ideal logic transistor, specific properties
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Figure 1.11 (a) Photoluminescence spectra of MoS; samples under continuous-wave laser
excitation at 532 nm. The inset provides an overview of the photoluminescence quantum yield for
different numbers of layers. (b) Distinct photoluminescence spectra obtained from various layers
of MoS;. (c) Bandgap energy of MoS; as a function of the number of layers [54].

are sought, such as high carrier mobility, efficient switching, improved conductivity, and minimal
off-state leakage current [52]. Fortunately, MoS, fulfills these prerequisites due to its tunable
bandgap while maintaining a high carrier mobility. Studies report that by adopting a back-gate
configuration, the electron mobility in MoS; can be achieved within a range, from 0.1 cm?/Vs to 10
cm?/Vs [52]. Additionally, with a top-gate n-type conduction MoS; transistor, the mobility reaches
an impressive value exceeding 200 cm?/Vs at room temperature, characterized by an on/off ratio
up to 10% and a subthreshold swing of 74 mV/dec [53].

In addition to its remarkable electrical properties, MoS; also presents highly intriguing optical
characteristics, including photo absorption, photoluminescence, and photoconductivity on mono
and few-layers [54]. During the photoluminescence experiment, continuous-wave solid-state laser
excitation at a wavelength of 532 nm was employed to stimulate the material. A distinct trend of
decreasing quantum yield with increasing thickness can be observed, as depicted in Figure 1.11
[54]. Notably, in bulk MoS,, the quantum yield is negligible, akin to other indirect bandgap
materials.

The availability of MoS, for photodetection and photovoltaic applications has been a focal point
of interest, particularly in this thesis [55]. Few-layer MoS,, whether obtained through exfoliation or
chemical vapor deposition (CVD) growth, serves as the photoactive layer on desired substrates. To

fabricate metal contacts, physical vapor deposition techniques can be employed. The performance
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of MoS;-based solar devices exhibits a correlation with its thickness, with superior performance
observed for solar cells featuring thicker MoS, films. This is attributed to the enhanced photon
absorption capability in the thicker MoS; film, a crucial factor contributing to the improved
efficiency of the solar cell [55].

In the subsequent sections of this dissertation, a novel approach will be unveiled, aimed at
enhancing the photo response in mono/few-layered MoS;-based devices. This groundbreaking
method introduces a promising pathway to further enhance the quantum yield. By exploring
innovative strategies, this research seeks to optimize the optical properties of MoS; and unlock its

full potential in photodetection and related optoelectronic applications.

1.4 Pulsed Laser Deposition: Principles and Applications

Pulsed laser deposition (PLD) is a remarkably versatile technique for the synthesis and deposi-
tion of a wide array of materials, encompassing a vast domain of fascinating phenomena that still
remain not fully elucidated [56]. This section presents a comprehensive review, delving into the
physico-chemical intricacies underlying the PLD process. The evolution of materials, from laser
ablation to the formation of deposited films, takes center stage, with particular emphasis on the
intricate interplay between laser and target materials. The exploration covers the dynamic journey
of the target material transitioning into the gas phase upon laser impact, the intricate process of
laser-induced material ejection, and the final condensation process, culminating in the transforma-
tion of material from the gas phase to its solid-state counterpart. A profound understanding of
these fundamental aspects of traditional PLD is of paramount importance, laying the foundation
for the subsequent development and elucidation of the novel reactive PLD technique for SiC, as

expounded upon later in this dissertation.

1.4.1 Pulsed Laser Ablation: Understanding Material Transformations

PLD is a well-established technique that involves the utilization of laser to "ablate" or remove
material from a solid target [57]. During its investigative phase, pulsed laser ablation (PLA) wit-
nessed multifaceted advancements driven by the development of reliable and high-intensity lasers,

such as nanosecond pulsed Nd-YAG and excimer lasers, as well as intense pico- or femtosecond
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lasers. These versatile lasers, along with PLA methods, found extensive application not only in
thin film deposition but also in micro-structuring, surface cleaning, and local annealing [58], [59].
A significant breakthrough in the understanding of PLA emerged when it was revealed that intact
molecules, including large biomolecules, could be ejected into the gas phase, paving the way for
the development of analytical techniques like matrix-assisted laser desorption/ionization (MALDI),
widely applied in fields such as life science [60].

Figure 1.12 illustrates the dynamic process of pulsed laser ablation (PLA), where the rapid
heating induced by the laser initiates significant volume changes in the material, leading to various
phase transitions. Regions experiencing higher temperatures undergo boiling and vaporization,
transitioning into the gas phase and leaving the substrate. On the other hand, regions with lower
temperatures undergo a phase transition from solid to liquid but remain on the substrate. Within
a picosecond timescale, material ejection commences, propelled by the laser-induced effects. The
ejected material subsequently encounters the later part of the laser pulse, absorbing its energy and
leading to an attenuation of the laser power striking the substrate [56]. This process induces the
excitation and ionization of species within the ejected plume, giving rise to the formation of plasma.

Upon the cessation of the laser pulse, the material within the laser-affected area begins to cool down

(@) (b) (c) (d)

v

Figure 1.12 Illustration depicting the mechanisms involved during PLA events. (a) Initially, laser
energy is absorbed, leading to surface material melting and vaporization, as indicated by the
shaded areas representing the solid-liquid phase transition. (b) The melting front progresses
deeper into the material, generating a laser-induced plume consisting of vaporized material. (c)
The incident laser power is absorbed by the plume, resulting in plasma formation that attenuates

the incident laser energy. (d) Following laser removal, the melting front recedes, and the material
resolidifies.
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and resolidify. Meanwhile, the laser-induced plume, carrying various species, including neutral

and charged material, continues to expand and departs from the substrate.

1.4.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD) and pulsed laser ablation share a common underlying concept,
both employing laser-induced plumes to facilitate thin film deposition. As depicted in Figure 1.13,
a pulsed laser is directed towards a target material positioned within a vacuum chamber, serving
as the source for ablation and subsequent thin film generation [61]. PLD experiments utilize a
diverse range of lasers, including UV (KrF, 248 nm), visible, near-infrared (Nd-YAG, 532/1064
nm), or mid-infrared (CO,, 10.6 um) lasers [62]-[64]. The laser beam passes through a transparent
window into the vacuum chamber, with window materials selected to be laser-transmissive, such
as quartz for UV light. Operating within a tightly controlled vacuum environment, typically at
pressures below 1076 Torr, the laser interacts with the target material, initiating ablation and giving
rise to an ejected plume. This plume consists of plasma and neutral material that expands outward
(normal to the target) from the target volume [65]. During the plume expansion, the internal heat
and ionization energies within the plume are converted into kinetic energy, striking the substrate of
interest [66]. Subsequently, the plume condenses and deposits onto the substrate, resulting in thin
films with tailored properties.

The quality of film growth is influenced by various critical factors. In addition to the vacuum
level, types of background gases, and the excitation wavelength/intensity, the substrate temperature
(Tsup) and the absolute/relative kinetic energies of species within the plume play pivotal roles in
the process [58], [67]. These parameters collectively impact the thin film deposition, making them
essential considerations for achieving desired film properties and functionalities.

Upon considering the laser-target interactions, it is evident that a dense vapor layer forms in front
of the target following laser striking, as previously discussed. Similar to the pulsed laser ablation
(PLA) process, these vaporized species efficiently absorb the energy from subsequent laser pulses,
leading to a substantial boost in temperature and pressure within the plume, ultimately resulting in

ionization [66]. The significant pressure build-up causes the plume to rapidly expand away from
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Figure 1.13 Schematic illustration of the pulsed laser deposition method within a vacuum
chamber. The process involves the use of a pulsed laser to ablate or remove material from a solid
target, which then condenses and deposits onto a substrate. The vacuum environment ensures
controlled and precise deposition, making PLD a versatile technique for synthesizing a wide range
of materials with diverse properties. [66].

the target surface. Now, envision a scenario where a specific location on the target consistently
receives heating from a CW laser source and absorbs the energy. This leads to a significant portion
of the energy penetrating deep into the material, thereby establishing a temperature gradient from
the target surface to its bulk, resulting in varied vaporization rates [68]. Consequently, this disparate
evaporation rate induces fluctuations in the material within the ejected plume over time, potentially
yielding low-quality deposition. To counteract such issues, the target undergoes continuous rotation
during the deposition process. This rotation ensures uniform heating and vaporization across the
target surface, fostering a more controlled and homogeneous thin film deposition.

The intricate interaction between the laser and the material occurs at the atomic scale, facilitated

through photon absorption. When the laser’s energy is absorbed by the target material, the electrons
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within undergo excitation, transitioning to high-energy states. Consequently, the material can
rapidly reach extremely high temperatures within a short time frame. This process is best described
as phonon-electron coupling, with certain factors influencing its dynamics. These factors include the
material absorption coefficient, laser pulse frequency, laser fluence, and target material reflectivity.
By taking these factors into account, one can estimate the laser-induced temperature (7'(x,?)) at

any point on the target using the heat flow equation [68]:

oTi(x,t) 0

PG () = (K1)

T (x,1)
ox

) +I,(){1 = R(T) }e @M, (1.30)
Here, the subscript i = 1,2 represents the solid and liquid phases, respectively. p(T) and C,(T')
correspond to the temperature-dependent density and thermal heat capacity per unit mass. R(7") and
a(T) are the temperature-dependent reflectivity and absorption coefficient of the target material,
relevant to the laser wavelength. 1,(¢) characterizes the laser intensity, encompassing both its
magnitude and shape over time as dictated by the laser pulse. For fast pulsed lasers, radiation

heat loss can be neglected at both the front and back sides of the target due to the extremely short

timescale involved. At the solid-liquid interface, the temperature can be approximated as follows:
Ih=T=1,, (1.31)

Here, T} represents the temperature on the liquid side of the interface, 7> on the solid side, and T
can be set equal to the material’s melting point (7},), which is below its actual melting temperature.

Considering the ultrashort timescales involved, typically within the nanosecond or shorter range,
the heat conduction of the material can be reasonably assumed to be extremely low. Consequently,
the first component of the right-hand side of Equation 1.30 can be neglected. As a result, the target

surface temperature at position x = 0 can be simplified as follows [66], [68]:
p(T)Cp(T) (T-To) =1 =R),a(T)r. (1.32)

In this expression, Ty represents the initial temperature of the material, and 7 denotes the duration
of the laser pulse. Although this simplified equation provides valuable insights into the tempera-

ture change during laser-material interactions, obtaining precise numerical values through manual
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calculations can prove challenging due to the presence of multiple temperature-dependent terms.
Therefore, computational tools, such as COMSOL, are commonly employed to solve this intricate
problem accurately. In the subsequent sections of this dissertation, a comprehensive COMSOL
simulation of a KrF pulsed laser illuminating a PMMA-coated Si wafer using the heat transfer
model will be presented [69]. These simulations will apply the fundamental principles outlined
in this section, shedding light on the intricate thermal dynamics that underlie the laser-material
interactions.

The thermal effects induced by the laser can be categorized into three distinct processes:
vaporization, heterogeneous boiling, and explosive boiling [70]. However, due to the short timescale
involved, only vaporization and explosive boiling are typically observed. It is also essential to note
that explosive boiling occurs only when the target material’s temperature reaches its thermodynamic
critical value, making vaporization the predominant ablation mechanism [70], [71]. Thus, this
material vaporization flow rate (v) from the target surface at a given temperature (7)) can be

described by the Hertz-Knudsen equation [72]:

P, L, 1 1
v(T) = (1-p) zn’ZBT?OeXP[E(E‘?)]’ (1.33)

Here, g represents the back flux coeflicient [73], kp is the Boltzmann constant, Tp denotes the
boiling temperature of the material at pressure pg, L, stands for the latent heat of vaporization of
the material.

In addition to non-reactive PLD techniques, it is feasible to employ laser energy to break
chemical bonds and initiate chemical reactions within the plume. This approach falls under the
category of reactive pulsed laser deposition, which will be extensively explored in the subsequent

sections of this dissertation, with a specific focus on SiC synthesis.

1.5 SiC Growth History, Challenges, and Si/SiC Diodes Overview
Within the realm of materials science, a prominent pursuit involves the development of wide-
bandgap semiconducting materials capable of either substituting traditional silicon in operations

under harsh environmental and high power density conditions, or working synergistically with
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silicon to enhance device performance [74]. Silicon carbide (SiC) has garnered particular attention
due to its exceptional properties, including a tunable wide bandgap (owing to different allotropes),
high thermal conductivity, low thermal expansion, commendable chemical inertness, and remark-
able material strength [75]-[77]. These distinctive attributes have catapulted SiC into the spotlight,
especially in the domains of power electronics and hostile-environment electronics [78]—[80].

SiC exists in various allotropic forms, displaying diverse structures, including cubic, hexagonal,
and rhombohedral arrangements. Of particular interest in research are the 3C (), 4H (@), and
6H types [82], and their structures are illustrated in Figure 1.14. Each SiC type exhibits unique
electrical properties, which are comprehensively summarized in Table 1.1. The table also presents
a comparative analysis of different SiC allostropes with Si, providing key parameters such as the
semiconductor energy bandgap (E,), electron saturation velocity (v), electron mobility (),
material dielectric constant (eg), strength of the breakdown field (E.), and thermal conductivity
().

To date, a plethora of SiC synthesis methods has been developed, encompassing diverse ap-
proaches ranging from nanostructures growth to film synthesis [84], [85]. Among these methods,
SiC nanostructures can be classified into distinct categories based on their dimensional charac-
teristics, namely 0D, 1D, 2D, and 3D structures. Each category holds unique applications across
various fields, including optoelectronics, drug delivery systems, lightweight catalysts, mesoscopic
physics, and energy conversion applications [84], [86]-[89].

This section provides a concise yet comprehensive overview of SiC synthesis methods, accompa-

Si 3C-SiC 4H-SiC 6H-SiC
E, (eV) 1.1 2.3 3.3 3
v (cm/s) 1 x107 2.5 %107 2 % 107 2% 107
Un (cm?/Vs) 1350 1000 947 380
€R 11.8 9.66 9.7 9.7
E. (V/cm) 2% 10° 3 % 10° 3% 106 4 x10°
k (W/cmK) 1.5 4.9 5 5

Table 1.1 Comparative Analysis of Electrical and Physical Properties in Si, 3C-SiC, 4H-SiC, and
6H-SiC [81]-[83]
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Figure 1.14 Figure illustrates the arrangements of Si and C atoms for 3C-, 4H-, and 6H-SiC. The
occupation sites A, B, and C represent the positions within the hexagonal close-packed structures
[90].

nied by a general discussion of the advantages and disadvantages of each technique. Understanding
the SiC synthesis methods presented in this section is crucial to comprehend the motivation behind
developing the proposed method in this dissertation and to recognize the distinct advantages of this

novel approach in comparison to traditional methods.

1.5.1 Solid-Phase Synthesis of SiC

As previously mentioned, the investigation of SiC nanomaterials encompasses a diverse array
of categories, each intrinsically linked to distinctive synthesis techniques. A focal point in this
discussion pertains to methods based on phase differences, including solid-phase synthesis, liquid-
phase synthesis, and vapor depositions.

Among the solid-phase synthesis methods, the carbothermal reduction approach stands as
the most prevalent [91]. This technique employs a solid-phase precursor, typically silicon oxide
(S103), as the source to provide essential Si atoms. Under high-temperature conditions within
an inert gas environment, the solid-phase carbon (C) atoms undergo chemical reduction with the
silicon precursor, leading to the formation of SiC, alongside the liberation of carbon monoxide
(CO) gas [92]. The chemical reaction can be succinctly described as 3 C + Si0, —— SiC + 2 CO.

The versatility of this method is demonstrated by its applicability to different silicon precursors,
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Figure 1.15 Schematic illustration of the general reaction mechanism of carbothermal reduction
method [93].

including Si and even SiO. Notably, for the synthesis of high surface area SiC, the method can be
adapted using SiO;-based molecular sieves as an alternative silicon source. By employing diverse
precursors and catalysts, it is feasible to lower the reaction temperature and reduce the synthesis
time significantly. A comprehensive summary of these approaches is provided in the first half of
the Table 1.2 [93].

SiC synthesis can also be achieved by utilizing Si as the primary precursor. Various forms of
Si, including Si powder, Si substrate, and Si wafer, can undergo controlled reactions with C atoms
under specific conditions to produce SiC nanotubes, nanowires, and nanowhiskers. The latter part
of Table 1.2 provides a comprehensive overview of the key parameters for these distinct Si-based
SiC synthesis cases.

Upon examining the above findings, it becomes evident that solid-phase synthesis techniques
necessitate prolonged operations at high temperatures under atmospheric pressure or vacuum
conditions. Moreover, the underlying chemical reactions can potentially lead to the generation of
hazardous gases. These observations indicate a clear scope for improvement and innovation in the
synthesis method to address these challenges and enhance the overall safety and efficiency of the

process.
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Siprecursor  C precursor  Temp. (°C) Pressure Time (h) Product
(kPa)

Silica fume Phenolic 1450 101 4 SiC nanowire
resin powders

Mesoporous ~ Carbon nan- 1100 101 20 SiC nanotube

silica otube

Microfine sil-  Graphite 1600-1700 101 4 SiC nanopar-

ica flakes ticle

Si02 Glucose 1400 101 2 SiC nanopar-

nanopar- ticle

ticle

OMHS Carbon 1400 101 1 SiC nanofiber
nanofiber

C precursor Si precursor  Temp. (°C) Pressure Time (h) Product

Carbon nan- Si powder 1200 5%107* Pa 100 SiC nanotube

otube

Multiwalled  Si powder 1100-1300 5%1072 Pa 5-100 Double-

carbon nan- thick-walled

otube SiC nanotube

Graphene Si (111) 1200 101 kPa 2 SiC nanowire

powder wafer

Graphite Si powder 1300 101 kPa 3 SiC whisker

Table 1.2 Key parameters for various solid-phase SiC synthesis methods [92]-[100]

1.5.2 Liquid-Phase Synthesis of SiC

Liquid-phase synthesis of SiC involves utilizing either liquid reactants or dissolved substances
in a solvent to produce highly dispersed SiC nanocrystals. Within this category, two prominent
methods are employed: the pyrolysis method and the sol-gel method [101], [102].

In the pyrolysis treatment, a mixture solution of polyureasilazane (PSN) and polyvinylpyrroli-
done (PVP) serves as the starting materials. Under argon gas, the solution is heated for one hour
at 1400 °C, resulting in the synthesis of 3C-SiC hollow fibers [101]. On the other hand, the
solvothermal-assisted sol-gel method employs tetraethyl orthosilicate (TEOS) and phenolic resin
as source materials, which are dissolved in ethanol. This process requires a reaction time of several

hours at 1600 °C to form SiC nanoparticles [102].
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Figure 1.16 Figure displays the cross-sectional view of scanning electron microscopy images
depicting the amorphous SiC thin film deposited through chemical vapor deposition. Panels (a) to
(e) showcase images with a scale bar of 100 nm, while panel (f) exhibits a more detailed view
with a scale bar of 10 nm. [103].

1.5.3 Vapor Deposition of SiC

Chemical vapor deposition (CVD) emerges as an effective surface coating technique, facilitating
the production of high-purity SiC materials [93]. In this process, precursor gases are directed into
a vacuum chamber housing a heated substrate. Commonly employed carbon sources encompass
ethylene, methane, and propane, while silane serves as the silicon source. Within the reaction, the
gas mixture undergoes decomposition on the heated substrate, leading to the formation of atomic
species. Subsequently, these species engage in reactions, ultimately generating SiC. The resulting
product morphologies are influenced by various factors, including chamber temperatures, precursor
species, and substrate properties.

CVD represents a versatile and effective method for synthesizing a wide array of SiC nanos-
tructures, encompassing nanowires, nanowhiskers, core-shell nanostructures, and thin films [103]—
[106]. Of particular significance is the production of high purity SiC thin films, showcased in

Figure 1.16 [103]. In this specific case, a gas mixture containing silane and hydrogen in a 1:9 ratio
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serves as the silicon source, while pure methane is employed as the carbon source. The reaction
takes place within a relatively lower temperature range of 100°C to 300°C, with a duration of 40
minutes, aided by plasma assistance at 120 W under a pressure of 60 Pa.

Generally speaking, CVD stands as a highly effective technique for yielding high-purity SiC
products. Nonetheless, the implementation of CVD demands the use of flammable gases operating
under high pressures and elevated temperatures [93]. This can lead to increased equipment costs and
pose potential safety concerns, particularly for large-scale production endeavors. These challenges
underscore the necessity for cost-effective and expedient SiC synthesis methods that can circumvent

the use of hazardous or combustible chemicals.

1.5.4 Si/SiC Diodes and Anderson’s Rule

With significant advancements in SiC growth, particularly on Si substrates, researchers have
been able to harness higher power outputs from drives while maintaining the same packaging size
as pure Si circuits [108]. Nevertheless, certain challenges have hindered further development [109],
[110]. The primary issues lie in the substantial lattice mismatch and thermal expansion coefficient
differences between the two materials, leading to the accumulation of high densities of residual
stress and defects [111]. To address these challenges, the surface-activated bonding (SAB) method
is commonly employed [107]. However, this process often results in the formation of high densities
of interface states, which can lead to the pinning of the Fermi energy level in a heterojunction diode
[112]. The Si/SiC heterostructure’s conduction band discontinuities have been reported to exhibit
a wide scattering range, from 0.21 eV to 1.9 eV, signifying that the electrical properties of this
junction heavily depend on the presence of possible interface states [108], [113].

In this section, we will present current-voltage (IV) measurements of a Si/SiC heterojunction
from previous research, using the SAB method, which demonstrates the top performing Si/SiC
heterojunctions. While the proposed reactive pulsed laser deposition method in this dissertation
may unavoidably lead to the creation of high densities of interface states and defects, significantly
degrading device performance, it is crucial to understand the underlying reasons behind these

challenges.
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Figure 1.17 Temperature-dependent IV characteristics of (a) p*-Si/n"-SiC junctions and (b)
n*-Si/n"-SiC junctions [107].

33



Figure 1.17 presents the IV characteristics of the p*-Si/n~-SiC and n*-Si/n™-SiC heterojunctions
at various temperatures [107]. The material properties of these junctions can be found in Table 1.3
[107]. For the fabrication process, a thermal annealing step was performed at 400°C and 1000°C
for the heterojunction. Ti/Au electrodes were utilized on the Si side, while Ni was employed on the

SiC side to form the electrodes.

Type Carrier concentration (cm~3)  Thickness (um)
n*-Si 2.61x10" 525
p*-Si 2.64x10" 525
n~-SiC ~5x10" 2.8

Table 1.3 Physical properties of the investigated semiconductors [107]

The measurements depicted in the figure demonstrate typical pn diode rectifying behavior
for both the p*-Si/n~-SiC and n*-Si/n~-SiC heterojunctions at different operating temperatures.
Notably, as the reverse bias voltage and operating temperature increase, there is a corresponding
rise in the reverse bias current. The relationship between the Fermi level difference for these
heterojunctions, commonly referred to as the flat-band voltage (Vr), is given by the following
expressions:

For the p*-Si/n~-SiC heterojunction:
qVr = Egp + AE. — 6y—sic — O p—si, (1.34)

For the n*-Si/n~-SiC heterojunction:
qVr = AE; — 6p—sic + Op-si- (1.35)

Here, ¢ represents the electron charge, E,, is the bandgap of p*-Si, AE. represents the conduction
band discontinuity, and 6, and 6, indicate the position difference of the Fermi level with respect to
the conduction band and valence band, respectively. The subscripts _s; and _g;c indicate the type
of material being referred to.

Based on the provided equations and material properties, the estimated values of AE, for the

p*-Si/n~-SiC and n*-Si/n~-SiC junctions are found to be 0.05 eV and 1.09 eV, respectively. The
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similarity in the current-voltage behavior observed in the measured results, along with the disparity
between the measured and estimated values from the aforementioned equations, strongly suggests
the presence of high densities of interface trap states within the junctions [107]. These trap states
at the bonding interface are responsible for the pinning of the Fermi energy level.

The Anderson’s rule, first proposed by R. L. Anderson in 1960 [114], serves as a valuable
tool for analyzing heterojunctions with similar structures, which will be beneficial for the analysis
presented in this dissertation. This rule enables the construction of energy band diagrams between
two different semiconductor materials, as observed in heterojunctions, such as the Si/SiC junction
used as an example here. According to Anderson’s rule, when building the band diagram, the
vacuum level on both sides of the heterojunction should align at the same level. This allows the
estimation of conduction and valence band offsets using the electron affinity and material bandgap
values. Employing this concept, we generate an example band diagram for both the n-Si and n-SiC
materials, as depicted in Figure 1.18 before contact, which will be applicable to the analysis of the
Si/SiC device in subsequent sections of this dissertation.

Upon achieving alignment of the vacuum level, the band bending in both sides of the semicon-
ductors can be calculated, as illustrated in Figure 1.19. By setting the bands of n-Si as the position

references, it follows that both the conduction and valence band bending of n-SiC will be equal to
qVF.
1.6 Miscellaneous Findings and Observations

1.6.1 Beam Homogenization

Laser-based micro-machining techniques often necessitate a uniform laser intensity profile
[115]. Similarly, when implementing the reactive pulse laser deposition technique for SiC, achieving
a homogeneous intensity profile is essential. To achieve this requirement, a beam homogenizer is
employed to shape the laser intensity profile.

Various classical methods for laser beam homogenization have been explored, such as diffractive
optical elements (DOE), aspheric lenses, and polygon homogenized rods [116]-[118]. While both

DOE and aspheric lenses can shape the laser beam into a flat-top profile, they present drawbacks,
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Figure 1.18 Energy band diagram at the interface of n-Si and n-SiC materials prior to contact,
demonstrating the use of Anderson’s rule.
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Figure 1.19 Energy band diagram at the interface of n-Si and n-SiC materials after contact:
illustrating the electronic energy levels alignment across the semiconductor junction.

including the requirement for highly specified entrance intensity distributions and precise alignment

[119]. On the other hand, polygon homogenized rods offer independence from the incident intensity

profile, but they suffer from transmission losses due to their longer rod length [120].

However, recent advancements have overcome these limitations through the use of microlens

array-based homogenization systems [121]. These systems offer several advantages, including

the absence of specific requirements on the incident laser profile and relatively high conversion

efficiency. Nonetheless, one issue to consider when using this system is the potential light diffraction

effect, especially when dealing with highly coherent light [119].

In general, two widely applied types of microlens arrays are commonly utilized: the single and
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dual lens array homogenizers. For the purposes of this dissertation, the single lens array was chosen
to mitigate the diffraction effect. The specific microlens array (Edmund Optics) used is depicted
in Figure 1.20, featuring precise dimensions for the array. Each individual lens in this array serves
to divide the incident wavefront into separate beams. Subsequently, these divided beams are then
focused onto the target area using a dedicated focusing lens, thus forming a comprehensive and
efficient homogenization system, as illustrated in Figure 1.21.

To determine the product dimension (D pr) at the homogenized plane, we use the following

equation:

Dyr = fLOLp, (136)

I

where fr; represents the focal length of the focusing lens, and fj is the focal length of the microlens

array.

1.6.2 Understanding the SiC Crystal defects

3C-SiC, a cubic variant distinguished by its orderly bilayer stacking arrangement of ABCABC...,
resulting in a pristine zinc-blende structure. When aiming to maximize the growth area of 3C-SiC,
silicon (Si) emerges as a particularly compelling choice for substrate material and crystal seed
for both thin film growth and bulk 3C-SiC synthesis. However, this narrative is not without its
challenges. As elucidated in the preceding section, the growth of 3C-SiC on a silicon substrate
encounters notable challenges due to substantial mismatches in lattice parameters and thermal
expansion coefficients [111]. Within the unfolding chronicle of 3C-SiC’s growth, defects emerge as
pivotal characters, casting nuanced shadows upon the crystal’s pristine landscape. This ensemble
of crystal imperfections includes volume defects, among which micro-twins (MTs), anti-phase
boundaries (APBs), and protrusions play distinctive roles. In addition, stacking faults, known as
planar defects, and their counterparts in the form of line defects weave a complex narrative. It is
noteworthy that some of these defects, such as MTs, have shown a propensity to diminish as the
thickness of the films increases. However, in a general context, extended defects tend to reduce in

density but seldom entirely vanish [122].
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Figure 1.20 Dimensions of the fused silica microlens array (Edmund Optics) utilized in the
subsequent sections of this dissertation, all measurements presented in inches (in).

Figure 1.21 Schematic representation of the single lens array homogenization system, showcasing
the dimensions of the setup.

To mitigate defects during film growth, a self-annihilation mechanism typically comes into play.
Many of these defects, including stacking faults (SFs) and micro-twins (MTs), exhibit propagation
along opposing crystallographic directions, ultimately converging within the film [123]. Moreover,
some of these defects originate during the film’s growth phase, primarily due to localized strain

fields or inaccuracies in the sequential arrangement during deposition. Consequently, defects such
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as stacking faults undergo a reduction in density, yet they tend to approach a saturation point without
complete elimination. Consequently, as the thickness of 3C-SiC increases, the defect density within
SiC decreases. Regardless of the specific defect considered, their density remains notably elevated
when producing thin 3C-SiC films. In other words, this phenomenon is accentuated when the

proximity to the Si substrate interface is close [122].
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CHAPTER 2

UTILIZING PLASMONIC NANOSTRUCTURES TO ENHANCE LIGHT ABSORPTION
IN SEMICONDUCTOR DEVICES

2.1 Background Knowledge

Energy conversion using plasmonic nanoresonators has become a popular topic when facilitat-
ing electron-hole pair separation processes as the way to increase photon-to-electron conversion
efficiency for photoelectric devices. Accompanying the first photodetector fabricated, energy con-
version efficiency has risen as the key factor, which affects the responsivity directly as well as
the sensitivity of a photodetector. Plasmonic nanoresonators have been shown in previous studies
as a way to enhance responsivity [124]. Nanostructures not only have good performance and a
major contribution to the photocurrent but also can be easily fabricated on existing devices with-
out changing their original layout. In Xi’s research, the solar cell with wet chemical nucleated
silver 200 nm nanoparticles achieved a broadband absorption enhancement compared to the solar
cell without nanoparticles [125]. A 14.3% enhancement in short-circuit photocurrent density and
a 23% increase in energy conversion efficiency are reported when comparing to the plain solar
cell. Besides, due to the strong light-matter interaction property, the plasmonic concept permits
a noticeable reduction in device physical thickness while maintaining the light absorption rate.
Commercially, most crystalline silicon-based solar cells in the market have a thickness ranging
from 180 pum to 300 um and the cost of silicon material and processing remain high [126]. As a
result, thin-film solar cells with thickness 1-2 um have gained great interest. However, the main
challenge for thin-film solar cells is the resulting low light absorption especially for those made by
indirect bandgap semiconductors, such as the Si. Therefore, trapping light inside the material and
increasing the absorptance becomes critical for such thin-film solar cells. Fortunately, plasmonic
nanostructures have promising solutions to the problem. In Pillai’s research, silver nanoparticles
exhibit light absorption enhancement nearly over the entire solar spectrum [127]. After nanoparti-
cle deposition, a 7-fold increase was observed for the traditional wafer-based solar cell at 1200 nm

wavelength, and up to 12-fold increase at 1050 nm wavelength for the 1.25 um thick silicon solar
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cell was observed.

Before discussing plasmonic nanoresonators and surface plasmon enhanced photovoltaic de-
vices, the term “plasma” has to be clarified. Plasma, the fourth state of matter, generates when
the applied energy or temperature is extremely high. It can be understood as a kind of ionized
or electrically charged gas. When electrons absorb energy from photons having energies greater
than the barrier between the metal nanoparticles and the semiconductor, these energetic electrons
can transfer from the metal to the adjacent semiconductor. If electrodes are connected to the
semiconductor material, energetic electrons can join the flowing photocurrents, which results in
a measurable change in resistance of the semiconductor. Material choices for the metal nanopar-
ticles and the semiconductor also affect the energy barrier at the interface, and the geometrical
shape and spacing of the nanoparticles influence the plasmon resonant frequency and hence the
optimal absorption wavelength of the incident light. With such adjustable parameters, there has
been considerable interest in nanoresonator-based plasmonics recently.

Anisotropic geometrical nanoarray structures can lead to strong dependences on the light polar-
ization. Some scientists have reported rotational symmetry structures to have better performance
for varying polarization of the light [128]. The ultra-high light contrast in the article is due to
the intense electromagnetic field raised by the nanostructure. When photons with energies greater
than the metal-semiconductor barrier height impinge on the structure, energetic electrons from the
nanostructure metal will transfer to the semiconductor and contribute to the photocurrent. Less
energetic visible and near-infrared range photons are major components in the solar spectrum and
although they are unable to excite electrons across the bandgap in the semiconductor, they can be
absorbed in the metal nanostructures. This phenomenon was observed in my experiments, where
the molybdenum disulfide semiconductor has a larger bandgap (1.88 eV) than the near-infrared
incident photons (840 nm) but with the nanoarray structure, photons were absorbed.

There are two mechanisms behind surface plasmons enhancing electron injection into the
semiconductor, direct energy conversion through localized surface plasmon resonance (LSPR)

excitation, and indirect energy conversion through surface plasmon polaritons (SPPs) [130]. Direct
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Figure 2.1 Plasmonic energy conversion. Image is from Clavero, et al [129].

LSPR excitation, as shown in Figure 2.1, happens when light is illuminated on metallic nanoantennas
(NAs), which can be seen as a light-trapping process. During plasma decay, energy can transfer
to electrons. Free electrons confined at the surface of the metal with high energy can escape
from the nanostructures and be collected at the contacts to the semiconductor [131]. Those
highly energetic electrons can stay in the conduction band of the semiconductor and contribute
to the electric circuit, resulting a dynamic Schottky barrier and reducing the resistance of the
semiconductor. In this context, the surplus positive charges residing on the nanostructure act as
holes, facilitating oxidation reactions. Conversely, the loss of electrons leads to positively charged
particles, progressively hindering further electron loss. As a result, the overall efficiency of the
system relies on the rate at which electrons are replenished to the nanostructure from either the
semiconductor or the surrounding environment [ 132].

The second mechanism is an indirect energy conversion process. After illumination, the SPP
waves on the metal nanostructures can produce large magnitude electric fields between metal nanos-
tructures and into the semiconductor. The enhanced electromagnetic field in the semiconductor can
cause direct electron excitation and also increase the carrier count within the current, thus reducing

the resistance of the semiconductor.
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With injected electrons accumulate near the junction of the nanostructure-semiconductor in-
terfaces, the Fermi energy level shifts toward the conduction band in the semiconductor, assuming
n-type semiconductor is used, which results in lowering the contact Schottky barrier height. Al-
lowing more electrons injected into the semiconductor from metals through thermionic emission.
Another approach to understanding the change in the semiconductor due to electron movements is
to project the model as a light-sensitive p-n junction diode as in Figure 2.2. The diode equation can
be expressed as in equation 2.1, where 1,V, g, n, k, T, 1,, 1,,, are diode current, diode voltage, elec-
tron charge, semiconductor ideality factor (1 for monolayer MoS, material), Boltzmann’s constant,
temperature, reverse saturation current, and light-induced current respectively. The light-induced
current then can be written as I,, = gAg,,(L, + L, + W), where A, g,,, L, and W are lighting
area, material absorption rate, carrier diffusion length, and depletion width respectively. For our
case, due to the semiconductor-gold nanostructure open-circuit layout, we can replace the p-side as
MoS, material, n-side as the gold, and eliminate the total current I. It allows us to map the voltage
difference between two sides directly to the light-material interaction. With an increased /,,,, the
effective bias voltage, V, increases correspondingly, which increases the thermionic current flow

across the junction and the number of electrons injected into nearby MoS; semiconductors as well.

hv

Figure 2.2 pn junction diode.

43



1
l
Ao - - _
age [T -qp(x) —T T TEF
| T
|
i

|
B
e I

Figure 2.3 Metal-semiconductor junction. Image is from Sze, et al [133].

Figure 2.3 shows the band bending diagram with respect to the potential and the instant thermionic
current, I7p.-m, Which can be estimated by using equation 2.2 with thermal energy kg7, Planck’s
constant 4, effective electron mass m*, and barrier height ¢p.

Since ap-type MoS; was obtained in our experiment and the metal-semiconductor configuration,
the depletion region extend into the MoS,, which has a relationship that corresponds to the effective
bias voltage expressed as in equation 2.3, where ¢;, N;, and & are junction build-in potential, donor
density, and MoS, dielectric constant. Note that the dielectric constant of the MoS; material can
be tuned by varying the external electric field [134].

Now, the two most basic issues are what is the corresponding resonance frequency for light-
matter oscillations and how much electric field enhancement can the nanostructure induce. Thanks
to Prashant’s contribution, the localized surface plasmon resonance frequency in metal particles is

well defined as below [135]:

Ne?
- 2.4
@sp \/mefo(foo +kep) -

where N is the density of free electrons, e is the electric charge, m, is the mass of a free electron,

€o is the permittivity of free space, € is the high-frequency part of the dielectric function of the
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metal, k is the shape factor that incorporates the polarizability on the geometry of the surface and
€, 1s the medium dielectric constant. The equation is set up based on the fact that when the size
of the nanoparticle, r, is much smaller than the wavelength, A, of the incident light, r < A, the
predominant electron oscillation can be simplified as a dipolar oscillation [135]. In other words,
the electron collective movement on the nanostructures can be described as a dipolar movement
under an incident electromagnetic field. This equation also considers the inter-band transitions
from the valence to the conduction band in the metal under high-frequency incident conditions by
adding the high-frequency term, €. Note that the electron resonance frequency is determined by
the real part of the metal-dielectric function and the broadening of the frequency is determined by
the imaginary part of the function. By figuring out the shape factor (k = —;—;) based on the actual
structure design, we can directly apply the equation and find the resonance frequency.

In Genov’s work, the average electromagnetic field enhancement factor G, over each unit cell,
is well illustrated [136]. The reason why the average value is focused on in this report is that it has
a better relevance to the overall design. An absolute high enhancement factor at a particular point
does not reflect the performance throughout the entire sample. When analyzing the result for the
average values, incident light polarization does not play a significant role either. This is illustrated
in Genov’s work. With the change in incident polarization angle change from 0° to 45°, G value
only decreases by a factor of 2, as shown in Figure 2.4.

Genov and his group modeled the electromagnetic coupling inside the plasmonic system as an

RLC circuit (Figure 2.5) and solved the average enhancement factor as:

. <‘Elog(/l) 4> _ a(w1)72 \/ NPH9 AUAHISAHIS) o
Eo(1) 2((4-mW+4)k]2 N (A2 +1)32 (A2 +1)3
W= &l (2.6)
€4
w1
A= 2.7)
kloss

where E( stands for the incident electrical field, E;,. is the local electrical field, €, is the dielectric

medium, €, is the permittivity of the metal, k;,, is the loss factor, vy is the geometric parameter,
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Figure 2.4 Electromagnetic field and field intensity distributions with 0° (left) and 45° (right)
polarization angles. Image is from Genov, et al [136].

Li Ri G R;i L;

Figure 2.5 Frequency-dependent plasmon response as an RLC circuit. Image is from Genov, et al
[136].

d 1is the particle diameter, and ¢ is the interparticle spacing, respectively. The loss factor can be
calculated from € = e'(l —ikj,ss) and the geometric factor expresses the size-spacing relationship,
v = %. From equation 2.5, we know the average electromagnetic field over the unit cell will
reach its maximum when A goes to 0. Since the entire equation heavily relies on the size-
spacing ratio, y, one can conclude that nanostructures can generate larger G with the y close to
W, where the trend can be found in a given example in Genov’s paper as in Figure 2.6. The
trend indicates that the desired layout design should have a large diameter with small interparticle
spacing. However, for real systems, a large diameter structure will block the incident light and

result in low conversion efficiency. Moreover, shrinking the gap below ~10 nm remains challenging
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Figure 2.6 Average EM enhancements with respect to y for 2D hexagonal arrays of Au
nanospheres under 647 nm and 785 nm illuminations. Image is from Genoyv, et al [136].

with the current fabrication technology. It is not feasible to infinitely shrink the size while keeping
high accuracy. Unpredictable shapes and interparticle spacings can result in significant changes in
device performance, especially in shifting absorption peaks [137].

To minimize the fabrication difficulties and bypass the metal structure separation limitation,
scientists have developed novel approaches to increase the photoresponses of plasmonic devices.
For instance, Knight’s group showed that the plasmonic decay path can be tripled by embedding the
plasmonic structure into the semiconductor material [138]. This novel design yielded a substantial
increase in photoresponsivity, approximately 25 times higher compared to traditional planar con-
figurations. This enhancement can be attributed to the efficient transportation of excited electrons
across the junction interfaces within the range of their mean free path. The result indicates that
the contact geometry between the metal plasmonic structure and semiconductor plays a key role in
facilitating energy tranfer from the photon to the electron. Research from Sobhani’s group further
investigated the electron movement in a nanograting plasmonic device [139]. From their simulation
result, both the main absorption and electron generation occur near the adjacent area between the
metal-semiconductor junction areas. Excited electron transportation, therefore, can be tuned by
varying the feature size to expand the flow channel. The highest photoresponsivity in the infrared

region can be achieved about 10 times higher (~600 nA/mW) than the previous report. When
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applying the plasmonic nanostructure into a two-dimensional material, the embedded design may
not be valid anymore due to the small thickness of the semiconductor material. However, the theory
that plasmonic nanostructures can enhance photoresponses has been shown in previous research.
Li’s group demonstrated that a nanoparticle grating based MoS, photodevice can achieve more
than 100 times higher photoresponses comparing to bare MoS, devices under 532 nm light inci-
dence by enhancing the absorption through the localized surface plasmons coupling [140]. Even
though these achievements are significant, the two-dimensional material-based plasmonic devices
still suffer from low light absorption efficiency of the material itself. The common trend to further
increase the photoresponss is summarized in shrinking the interparticle gaps into the nanometer
range, where fabrication difficulties become an obstacle.

In this research, a novel sandwiched double-layer plasmonic nanostructure device was inves-
tigated. In this device, a thin layer of molybdenum disulfide (MoS;) semiconductor was inserted
between metal structures for electron-hole pair generation. The metal structures are responsible for
the plasmonic effect, and the gap between the top and bottom layer structures can be reduced down
to atomic dimensions since it is fully dependent on the thickness of the semiconductor between the
gold nanoarrays. Due to the strong light-matter coupling and the corresponding absorption spec-
trum, we choose MoS, as the semiconductor [141]. It can be replaced by other two-dimensional
(2D) materials for distinct properties in future studies.

The nonlinear optical phenomenon was also studied as part of this work. Due to the complex
metal structures, nonlinear absorption is expected but the optical detection performance remained
unknown. To further investigate this, a hyperspectral stimulated Raman scattering imaging (hsSRS)
system to explore two-color two-photon absorption (2PA) was used. Higher-order nonlinear phe-
nomena are typically very weak, and this hsSRS system is capable of detecting such small signals.
The study obtained a fundamental understanding of 2PA excitation in the structure, which might

be helpful for other uses.
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2.2 Finite Difference Time Domain Simulation

In the previous section, equation 2.5 was introduced to find the maximum average field enhance-
ment factor and a simple estimation method using a size-spacing ratio. In addition, finite difference
time domain (FDTD) simulations were used for comparison with the results from equation 2.5.
Research has shown this method is valid for local field enhancement calculations [142]—[144].
Since the research structure design focuses on the vertical gap, the nanostructure parameters are
intentionally chosen as follows: 110 nm for the two layers’ lateral displacement, 160 nm for nan-
odisk diameter, 25 nm for the nanodisk height, and the same setup for both top and bottom layers
was used, as shown in Figure 2.7(a).

For simulation purposes, a slight modification from the actual fabricated device was used with
the top layer set to be two rows in order to make the structure symmetric and help reduce the
simulation time. A 1 V/m polarized plane wave was simulated to be coming in from the top,
polarized along the x-axis and the wavelength of the incident plane wave swept from 300 nm to
1100 nm. The optical energy coupled to the nanoarrays, and consequently to the MoS, layer, is
directly influenced by the wavelength at which maximum absorption occurs and the magnitude of
absorption. These factors significantly impact the optical detection performance of the device, as
they determine the amount of optical energy absorbed by the system.

With an x-axis polarized 830 nm incident wave, the electric field enhancement over the unit cell
is plotted as in Figure 2.7(b). For simplicity, data were extracted from the middle plane between
the top and bottom layers for the remaining simulation results. One can find high electric field
locations, or "hotspots" around the boundary of the structures especially at the cross points where
nanoarray discs overlap from the top and bottom arrays. A scale bar was introduced to evaluate the
enhancement factor defined as E;,./Eq, where Ej,. is the induced local field and E|) is the incident
field, 1 V/m. Maximum enhancement was calculated to reach up to 25 times the original. As
discussed before, the induced electric field can contribute to electron injection as well as photon
absorption. The smaller the interparticle distance, the larger the electric field is obtained. In

this design, the closest points are the overlay boundary cross points. A 3D E field distribution
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Figure 2.7 FDTD simulation of the proposed photodetector structure. (a) Sandwiched structure
schematic. (b) Top view of the electrical field distribution under 831.3 nm laser illumination. (c)
In this figure, the vertical gap between top and bottom nanostructures is set to be 5 nm, which is
determined by the semiconductor thickness. (d) Variation of the maximum electric field
enhancement factor as a function of the incident laser wavelength. (e, ) Lateral view of the
electric field distribution on the excited NAs pattern along the A-A’ plane, as highlighted in (b).
(g) Current density distribution within the NAs. (h) Energetic carrier distribution at the interlayer
of MoS,. (i) Normalized absorption factor of MoS; nanosheet with and without NAs.
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of the boxed area in Figure 2.7(b) is shown in Figure 2.7(c). The highest intensity locations are
distinguished from other areas, which further supports the theory.

Figure 2.7(d) shows the enhancement peak occurs at 831.3 nm with a 25-fold increase and
there is more than 10 times enhancement above the 1000 nm range. Recall, this FDTD simulation
does not only simulate the metal structures. A thin layer of MoS, semiconductor material is
inserted in the middle and the physical property shows the bandgap of the semiconductor is 1.88
eV, which corresponding to 659.5 nm wavelength. This means at a wavelength above 659.5 nm,
even though there is an electric field enhancement, it may not correspond to absorption in an actual
device. However, both the FDTD simulation and the real practice indicate that MoS; has absorption
beyond 659.5 nm, which will be illustrated later.

To assess the local electric field coverage, we analyzed the electric field distribution along
the XZ plane (as depicted by the white dashed line A-A’ in Figure 2.7(b)). In Figure 2.7(e), we
present the cross-section view showcasing the distribution. The effective region of electric field
enhancement, measured in terms of width and height, was approximately 10 nm x 16 nm (Figure
2.7(f)). This observation aligns with the LSPR decay theory [13] and indicates that the enhanced
electric field adequately covers the thickness of the MoS, nanosheet.

Examining the current density distribution near the A-A’ cross-section (Figure 2.7(g)), we
observed a direct correlation between the current density and the local electric field enhancement
depicted in Figure 2.7(e). The maximum current density was observed at the vertical gap, indicating
that the excitation of light effectively enhances the carrier concentration inside the MoS, nanosheet
at this specific location. The energy flux direction, represented by the Poynting vector, was also
illustrated in Figure 2.7(g). Notably, an energy flow circle formed within the MoS,, as indicated
by the blue arrows.

Considering the pivotal role of carrier concentration in photocurrent formation, we calculated
and plotted the distribution of energetic carriers at the interlayer of MoS; in Figure 2.7(h). By
leveraging the built-in electric field, energetic carriers generated from plasmonic decay can be

efficiently transferred from Au nanoantennas to the MoS; nanosheet. This transfer mechanism
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Figure 2.8 Variation of the absorption with MoS, thickness.
holds promise for enhancing photocurrent, photosensitivity, and the overall performance of the
fabricated photodetector.

To predict the result, a normalized absorption curve with respect to incident wavelength is
plotted in Figure 2.7(i). From this figure, it is clear that without any structure, a bare MoS, device
does not absorb incident light that is above 661 nm. However, with the sandwiched nanoarray
structure proposed the absorption is increased over the entire spectrum and new absorption peaks
relative to the bare MoS; can be seen. This shows that the double-layer plasmonic nanostructure is
responsible for the device response to near-infrared wavelengths.

The simulation was also used to investigate the absorption dependence on the thickness of the
MoS; layer from 2nm to 30nm as shown in Figure 2.8. These simulation results are for the layered
structure that includes the top and bottom nanoantenna arrays. Each of the three identified peaks
labeled as A, B, and C in Figure 2.8 were also shown as a function of MoS, layer thickness in

Figure 2.9.
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When the semiconductor layer is thin enough, the tunneling effect will happen, where the
space between the top and bottom layers is not enough to separate the charge that gives rise to the
electric field. When the gap is larger, the electric fields from the SPPs decrease and become less
effective. The maximum absorptions are thus located in the middle range of the MoS, thicknesses.
While peaks A and B maintain the same position, around 7 nm thick, peak C is varying with the
incident wavelength and shifts to shorter wavelengths as the MoS, layer decreases in thickness.
The wavelength of the C peak versus MoS, thickness can be fit to a quadratic equation as shown in
Figure 2.10.

The FDTD simulations shown in this section support the proposed three-layer structure as
an effective method for enhancing the electric fields within the MoS, layers caused by surface
plasmons in the gold nanoarrays. For the experiments that use an 830 nm wavelength laser, the

analysis has shown the highest absorption around 5 nm thickness for the semiconductor.

2.3 Device Fabrication and Characterization

The NAs/MoS;/NAs layered structure device fabrication, as shown in Figure 2.11(a), was
started from a heavily doped p-type silicon substrate (N, = 1x10'®cm=3) with 300 nm thick silicon
dioxide (SiO,) dielectric layer. The wafer was carefully cleaned with acetone, isopropyl alcohol
(IPA), and followed by 1-minute deionized water (DI) rinse. Similar cleaning steps were carried
out multiple times when necessary during the fabrication. Next, external circuits and the biggest
set of the alignment mark were patterned by applying the ultraviolet (UV) lithography technique
and depositing 60 nm thick gold. External circuits served as contacts and measurement interfaces
when testing. By going through electron beam lithography (EBL), metal deposition, and lift-off
technique, the bottom layer of the proposed device was fabricated first with 3 nm titanium followed
by 22 nm gold. Then, few-layered MoS; nanoflakes were mechanically exfoliated and examined
under optical microscopy. The criteria to choose the eligible flakes can be concluded as follows:
within the desired thickness range and a large uniform working space. Selected MoS; was dry
transferred [145] onto the bottom nanostructures with a gentle press to ensure no significant air

bubbles beneath it. With the limited contact area between the gold nanostructures and the MoS,
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nanoflake, the van der Waals force is relatively low. Hence, internal electrodes were fabricated to
press and hold the flake. During this fabrication, two sets of alignment marks were introduced with
smaller dimensions as shown in Figure 2.12(a) and Figure 2.12(b), where mark 2 has 1 ym line
width and mark 3 has 250 ym line width. By utilizing the alignment marks, EBL enables precise
fabrication with step sizes of 200 nm and 5 nm, respectively.

Finally, the top layer nanostructures with 110 nm offset relative to the bottom can be fabricated

by using EBL. To achieve the desired resolution multiple focusing steps were used and alignment
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Figure 2.11 Fabrication and characterization of NAs/MoS,/NAs layered photodetector. (a)
Schematic illustration depicting the fabrication process for layered photodetectors. (b) Schematic
representation demonstrating the excitation and transformation of energetic electrons generated
through plasmon decay. (c) AFM image displaying a representative MoS; nanosheet. Scale bar: 2
pm. (d) Raman spectrum showing a representative few-layer MoS, nanosheet with and without
NAs. (e) SEM image of the NAs/MoS,/NAs layered photodetector. Scale bar: 20 um. (f) SEM
image showcasing representative NAs/MoS,/NAs plasmonic nanoantennas on both sides of a
few-layer MoS; nanosheet. Scale bar: 400 nm. (g) Enlarged SEM image displaying a single
plasmonic nanoantenna pattern. The blue dashed circles indicate the bottom layer NAs, while the
red dashed circles represent the top layer NAs. Scale bar: 100 nm.
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Figure 2.12 Alignment marks with (a) medium dimension and (b) smallest dimension.

marks of various dimensions were used. In the first step, a system window was focused on a 100nm
x 100 nm area and then shrinking its size to focus on alignment mark set 2. Alignment with mark 2
can provide a 200 nm step moving size, which means each navigation arrow click on the keyboard
will give us a 200 nm shift on the sample stage. However, 200 nm is not accurate enough to produce
the desired offset value, 110 nm. Then magnification of the focus window was increased to focus
on mark 3, where the final step size was 5 nm. The structure of the final product and corresponding
charge transport mechnisms are shown in Figure 2.11(b) and (e). With the alignment marks set
to the corners of the working space, we can get the smallest alignment error in the center. In
Figure 2.11(b), the introduction of Au NAs on both sides of MoS; naturally establishes vertical
built-in fields, forming Schottky barriers at the Au-MoS; interface. Upon illumination, plasmons
are generated in the Au NAs with exponentially decaying fields extending into the MoS,, generating
energetic electron-hole pairs. A fraction of energetic electrons can overcome the Schottky barriers
and inject into the conduction band of MoS,, leading to an extended lifetime of these energetic
carriers. The vertical built-in field within the MoS, layer prevents the injected electrons from
returning to the Au NAs [146], thereby minimizing photocurrent loss and heat generation. In
this configuration, the Au NAs function as electron donors, while the middle MoS; layer acts as
the electron acceptor. Consequently, the detectable photocurrent is no longer limited to incident

photon energies above the MoS, bandgap but can extend to photon energies above the Schottky
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barrier height [147]-[149]. Thus, the proposed sandwich photodetector enables efficient detection
of incident light below the MoS; bandgap through the LSPR within the vertical gaps.

The atomic force microscopy (AFM) image, Figure 2.11(c), shows the nanoflake is 4.665 nm
thick, which is within the expected thickness range. Based on the literature, the thickness for a
monolayer MoS, is about 0.615 nm [150], therefore we can estimate the one shown in Figure
2.11(c) is about 8 layers. Peak frequencies in the Raman spectrum shown in Figure 2.11(d) also
are in good agreement with an 8 layer MoS; thickness [151].

With the second layer of the gold nanoarray fabricated on top of the MoS,, both Raman peaks
showed a slight decrease in intensity. This may due to the top layer structure suppressing the
vibration of the MoS; molecule under it and resulting in a higher interlayer force constant [152].
Since the changes between Eég and Aj, peaks are negligibly small, the result illustrates that the
proposed double-layer nanostructure design generates an imperceptible impact on the original
semiconductor material characteristics.

The final device fabricated with the proposed structure has an area of 14.3 um x 8.6 ym between
anode and cathode for photoresponses. The enlarged view of one unit cell of the nanostructures
is shown in Figure 2.11(f) and (g). The dimensions are the same as those in FDTD simulation,
110 nm for the lateral displacement of the two layers, 160 nm for nanodisk diameter, 25 nm for
nanodisk height. The design left a 60 nm lateral gap, which is much larger than the vertical one.
This is intended for minimizing the lateral gap induced plasmonic effect such that the experimental

results are dominated by the vertical gap that corresponds to the thickness of the MoS,.

2.4 Electrical Characterization of MoS; Based Photodetectors

The photosensitivity of the MoS, photodetectors was measured as described below [153]:

g = OLaserOn — UlLaserOff RLaserOff = Rraseron

(2.8)
OLaserOff Rraseron

where S is the photosensitivity, o is the photoconductivity, and R is the resistance as measured
between the contact pads. The LaserOn and LaserOff subscripts indicate the two laser states. We

assume the contact resistance at the measurement pads is independent of incident light and therefore
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Figure 2.13 Optoelectronic response of the sandwich photodetector under near-infrared (1=830
nm) laser stimulation. (a) Optical image showing the photodetector and the experimental setup
used for measurements. Scale bar: 20 um. (b) I-V curves of the layered photodetector under
different laser stimulation conditions. (c) Photosensitivity plotted as a function of incident laser
power under 830 nm laser stimulation. (d) Photocurrent displayed as a function of incident laser
power for the sandwiched photodetector under various applied potential biases. (e) Electric circuit
model illustrating the configuration of the sandwich photodetector. (f) Responsivity depicted as a
function of incident laser power under Vg = 0.16 V and 4=830 nm.

S only depends on the resistance change in the channel because the contact resistance will cancel
from numerator and denominator in equation 2.8.

In our setup, a semiconductor parameter analyzer (Agilent 4156C) was connected to the two
electrodes of the devices and a power-adjustable 831.1 nm laser was used to illuminate the sample,
as in Figure 2.13(a). Current versus voltage (I-V) curves were obtained in Figure 2.13(b). With the
increasing laser power, the photocurrent (/) increases due to a large number of electron-hole pairs
excited. When increasing the applied bias voltage (V ap), photocurrents raise almost linearly in the
low bias region, shaded with a green background for the 69.4 mW case, and exhibit a deviation
from Ohmic behavior at the high bias region, shaded with a blue background.

Linear fitting lines to the I-V responses for the currents with 69.4 mW illumination and with
laser turned off are as follows: Iy gerof = 0.041V s + 0.003 (1A) and Iy aeron = 2.798V A +

0.2 (uA), where I represents the photocurrent obtained from the device and Vg is the applied
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bias voltage. From the fitting lines, we can get parameters Ry aserof = 1/0.041 MQ ~ 24.39
MQ, Rpaseron = 1/2.798 MQ =~ 0.36MQ, and from equation 2.8, the photosensitivity S = 67.24.
Similarly, the photosensitivity under 7.1 mW, 23.4 mW, 38.3 mW, and 54.2 mW laser illuminations
was found to be 20.24, 38.31, 51.55, and 58.82 respectively. For a detailed understanding, MoS;
and NAs/MoS; devices are fabricated and corresponding photosensitivities plotted together as
shown in Figure 2.13(c) for comparison. The inserted image shows the maximum photosensitivity
is 2.90 for the MoS, device and 1.25 for the NAs/MoS, device. With the NAs/MoS,/NAs structure,
strong confinement of the light by surface plasmons to the small vertical gaps between upper
nanoarrays and the lower nanoarrays significantly increases the photosensitivity. Both LSPR and
SPPs will enhance the electron-hole pair generation in the semiconductor and reduce the measured
resistance. For the NAs/MoS, structure, there is a decrease in the photosensitivity compared to
the MoS, alone (no nanoarrays of gold). We interpret this as a comparison group that can help
us exclude the doubt that lateral gaps may contribute to the enhancement as well. With 60 nm
gap structures on top, the photosensitivity of the NAs/MoS; structure is much smaller than for the
MoS, device. From this we conclude that the large lateral distance cannot efficiently excite the
plasmonic effect and 160 nm diameter Au structures can be seen as light blockers, which prevented
normal MoS; light absorption. Both resulted in fewer electrons being excited into the conduction
band, thus the photosensitivity is even lower than the MoS; device as in the figure 2.13(f).

Figure 2.13(d) presents the investigation of the photocurrent as a function of laser power under
various Vap conditions. Within the effective voltage range, the photocurrents exhibit a more or
less linear increase with the illuminated laser power for Vg = 0.1 V and 0.3 V. However, when
V aB 1s increased to 0.8 V, the photocurrent levels off under high laser power. This behavior can be
explained by drawing an analogy with the working principle of a light-dependent resistor (LDR).
The electric circuit model of the photodetector is depicted in Figure 2.13(e). The vertical built-in
field at the Au-MoS; interfaces facilitates the efficient separation of energetic carriers generated
from plasmon decay and reduces carrier recombination rates. This leads to a significant reduction

in the resistance of the MoS; layer. However, the injection of energetic electrons from Au to
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the MoS; nanosheet is limited. As a result, a saturation mode is observed as the voltage bias
increases. Therefore, it is crucial to select an appropriate laser power and V ap to achieve a high
net photocurrent while minimizing power consumption. In our study, we found that a bias voltage
of 0.58 V combined with a laser power of 69.4 mW represents an optimized condition (Figure
2.13(b)).

Figure 2.13(f) compares the responsivity of the MoS,, NAs/MoS;, and NAs/MoS,/NAs struc-
tures at a fixed bias of V4p = 0.16 V within the linear range. Photoresponsivity in the figure can be
defined as Res = Iph/Pin, where both I, and Pj, are normalized over the nanostructures’ covered
area and the power of the laser used in the experiment was carefully measured with a PM100D
energy meter. When increasing the laser power, only the responsivity for NA/MoS, case maintain
stable while the other two cases drop significantly. As mentioned earlier, there is a saturation of
available electron-hole pairs that can be excited. By comparing, one can find that the maximum
responsivity is 6.26 mA/W for the NAs/MoS,/NAs device, 2.02 mA/W for the NAs/MoS, device,
and 2.33 mA/W for the bare MoS, device. Therefore, a low incident laser power is the ideal working
condition to maintain high responsivity for the proposed sandwiched device at the near-infrared

range and a 0.16 V bias.

2.5 Nonlinear Optical Absorption

The NAs/MoS,/NAs layout proposed in this research contains complex metal structures, which
can induce strong nonlinear optical effects. Therefore, the structure provides a good opportunity
to investigate the phenomenon. In the experiment, the impact of the layered nanostructure on
nonlinear absorption was probed through a hyperspectral stimulated Raman scattering imaging
system [27]. A schematic diagram of the system can be found in Figure 2.14. In this system, an
ultrafast dual output broadband laser source [46] was used for photon excitation with 80 MHz pulse
frequency. Both output lasers used had Gaussian beam profiles and were chirped into 1.5 ps pulses
by going through the SF57 nanorods, a pulse stretcher. To match the simulation and experiments,
a 840 nm laser served as the probe laser (shown as the blue line in Figure 2.14) and transmitted

through a delay stage to adjust the beam arrival time. A second laser centered at 1040 nm was
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used as the pump laser (show as the red line in Figure 2.14). The pump laser was transmitted
through an electro-optical modulator (EOM) and modulated to 20 MHz. The two beams were then
combined and directed to an inverted laser-scanning microscope (Olympus IX83, with Fluoview
1200 scanning-head) with a water immersion objective lens (Olympus UPLSAPO 60X/IR) to focus
on the sample. The transmitted beam was then filtered by a Chroma short-pass filter (ET890/220m
SPF) to eliminate the 20 MHz 1040 nm pump beam. A photodiode with a lock-in amplifier was
placed at the end of the system to detect the output signal. By varying the delay stage, the relative
time between the two pulses was adjusted as in Figure 2.15. The time difference, Az, between
pulses corresponds to the x-axis in Figure 2.16(d) and 2.16(f). For each captured video frame,
the system can derive three-dimensional images, which correspond to the variation of the 840
nm photon absorption of the device. The hsSRS system results help to understand the effect of
a complex metal nanostructure on two-color two-photon absorption (2PA) since two beams were
illuminating the sample with different wavelengths and higher-order nonlinear effects are generally
small comparing the 2PA.

Note that, for effective utilization of the hsSRS imaging system, it is essential to fabricate the

devices on transparent substrates such as glass. However, the presence of glass substrates can pose
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Figure 2.14 hsSRS imaging system setup.
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notable challenges concerning charge accumulation in the samples during e-beam lithography. To
address this issue, a conducting layer of a 10 nm thick Al film was carefully deposited onto the
substrate. After completing the e-beam processing, the aluminum was removed using chemical
etching before resist developing. The hsSRS imaging results for bare MoS,, NAs/MoS,, and
NAs/MoS,/NAs structures can be found for various beam separation times, At, in Figure 2.16. The
region bounded by dashed lines in Figure 2.16(a) for bare MoS,, NAs/MoS,, and NAs/MoS,;/NAs
have uniform thickness and are used for comparison. Figure 2.16(c) and (e) represent the distribution
of 840 nm light absorption when the 1040 nm pump comes in first and the probe beam arrives with
a 3.3ps and 33.3 ps delay, respectively.

The substrate, which shows little response to 2PA, is displayed as green color, and the relative
absorption intensity scale bars are shown to the right of the images in Figure 2.16(c) and Figure
2.16(e). A 3D plot of Figure 2.16(c) is shown in Figure 2.16(b), the triangle-shaped area with the
highest intensity marks the double-layered structure performance. Overall, these figures show the

NAs/MoS,/NAs region exhibits the strongest 2PA absorption followed by the NAs/MoS, region
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Figure 2.15 Time sequence of the probe and pump laser.

62



). " £
Gold alignment =
. ad et
- AQ . Al P - = 4093
(MoS;) (NAsMoS:) =
£
" = 3071
{. \:F . _E
_ - . ‘ 2047
A2 T.)P
(NAs/MoS,/NAS) i 1023
10 um = .
——— - 25 W 8
¢ 4093 d 00 FT T e T
—— Al ¥
_ © A2 S &
3071? = 3000 | Laser power:65 mW ,'I!I' W@
A = Pump laser | 1|
= g stimulation ™
8 = 2000 &
LR Es
2047 E _"E >
1
< < 1000 , [ |
1023 |
A TeML Y .
o= . hn — 2 -
0 =2 = =l 0 1 2 3
Time (ps)
¢ 4095 f 1500 2T Gakd al.ignm‘cnl pi:l|! ' ' '
5 Fitting data Ln- ’
IO - | e
1 5 ) y 45 2
30_?15 : 1000 FLaser power:ds mW 7
& ‘E yee] T+ 1068
2 2 750
20478 "E;
=]
= 500
= 2
1023 S5k
A Pump laser
" stimutation ™%, ) )
g =30 20 -10 O o 20 30

Time (ps)

Figure 2.16 Transient photoresponse and a comparison of light absorption between MoS,,
NAs/MoS,, and NAs/MoS,/NAs nanostructures using an hsSRS imaging system. (a) Optical
image of a representative MoS; device, with an insert image highlighting the layered NAs without
MoS,. (b) A 3D surface plot demonstrates the distribution of 840 nm photon absorption under 65
mW laser stimulation. (c) The absorption distribution of 840 nm photons after 3.35 ps of 1040 nm
photon stimulation. Here, the total power of incident 840 nm and 1040 nm photons is 65 mW. (d)
Extracted absorption data for different sections in panel (c), representing averaged values of the
corresponding sections. (e) The distribution of 840 nm photon absorption after 33.35 ps of 1040
nm photon stimulation is displayed, with the laser power lowered to 47 mW for enhanced contrast.
(f) The extracted absorption data for the relevant sections in panel (e).
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and bare MoS; region. Although 2PA is an intrinsically spatially resolved phenomenon, it can be
influenced by the amplitude of the local field [154]. This is in good agreement with a strong local
field in the layered structure shown in the FDTD simulations previously.

Figure 2.16(c) illustrates the change in 840 nm photon absorption in different regions (AO,
Al, and A2) before and after the arrival of the 1040 nm beam. Initially, the amplitude reflects
the excitation of the probe laser (840 nm) with an energy of 1.476 eV, which falls short of direct
excitation across the MoS, bandgap (Eq=1.88 €V). Although the double-layered area exhibits
slightly higher response amplitude, the difference is not substantial. Subsequently, the pump laser
(1040 nm) enters with a pulse duration of approximately 1.5 ps, causing the curves in Figure 2.16(d)
and Figure 2.16(f) to rise due to the excitation induced by two-photon absorption (2PA). As the
plot solely depicts the variation in 840 nm photon absorption, it can be concluded that the pump
beam assists in the absorption of 840 nm photons during this process. The A2 layered structure
area exhibits around 1.5 times higher absorption compared to the Al single-layer nanostructure
area, and the absorption continues to increase with longer pulse gaps. These changes in absorption
solely result from the introduction of a single laser pulse (1040 nm) preceding the 840 nm probe
light. By extending the At values, a peak in 840 nm absorption is expected to be achieved.

In order to conduct further investigations, an incident laser energy of 45 mW was employed,
and At was increased to 33.3 ps, as depicted in Figure 2.16(e) and Figure 2.16(f). For the
NAs/MoS,/NAs nanostructure, the highest relative absorption rate reached 1327.06 a.u, whereas
for the NAs/MoS; structure, it was 1008.79 a.u, indicating a 1.3-fold increase in absorption for the
double-layered design. In the A1 region, the measured results exhibit a decay process after a short
time due to the natural relaxation of electron-hole pairs. However, this decay process occurs on a
significantly longer timescale compared to the pump laser exposure time of approximately 1.5 ps,
aligning well with previous findings [155], [156]. Conversely, absorption in the NAs/MoS;/NAs
region remains relatively stable even at longer At values. Additionally, Figure 2.16(f) illustrates the
absorption in the gold alignment pad region, allowing for a comparison between locations where

the gold is nanostructured and where it forms a continuous film. The sudden decrease in absorption
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observed in the gold alignment pad area can be attributed to a rapid increase in the thermoreflectance
of the gold material, which occurs when the thermal equilibrium of the gold is disrupted [157].
During the period of thermal non-equilibrium, most photons (including both 840 nm and 1040
nm wavelengths) are reflected from the solid gold, resulting in a decline in the absorption curve.
As the system reaches thermal relaxation, thermoreflectance returns to its original value, enabling
more photons to transmit through the sample and be detected by the photodiode. This phenomenon
also suggests that the overall two-photon absorption (2PA) can be further enhanced by carefully
selecting the composition of materials for the nanostructures.

The experimental findings obtained through hsSRS reveal that the NAs/MoS;/NAs structure
exhibits remarkable nonlinear optical properties, primarily attributed to the confinement of inci-
dent photon energy within surface plasmons. The pronounced two-photon absorption behavior
observed underscores the promising potential of these double-layered structures in a wide range of
applications, including near-infrared detection, energy harvesting, spectroscopy for investigating

two-photon absorption in organic materials, and various other fields of research.
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CHAPTER 3

SILICON CARBIDE SYNTHESIS WITH THE SELECTIVE LASER DEPOSITION
TECHNIQUE AND ITS CHARACTERIZATION

3.1 Current Selective Laser Fabrication Method

Selective area pulsed laser deposition (PLD) techniques have emerged as another method for
the synthesis of silicon carbide thin films. SiC thin films find applications in a wide range of
fields, including electronics, optoelectronics, and high-temperature devices. This section provides
an explanation of the current selective area pulsed laser deposition technique for SiC thin film
synthesis.

Nowadays, low-cost transitions from existing silicon based integrated circuit to silicon-silicon
carbide (Si-SiC) hybrid systems have unique applications [158], such as the integration of high-
power microwave devices with digital circuits. The high carrier velocity, large critical breakdown
electrical field, and high temperature tolerance are of high interest for advancing device capabilities
[159]. Thus, wide bandgap semiconductors such as silicon carbide (SiC) and gallium nitride (GaN)
have gained increasing interest due to their ability to manage high power density [160]. Among
them, SiC can be grown directly on Si substrates with smooth integration between signal processing
digital circuits and radio frequency (RF) devices [161], making it one of the best candidates for
future high-power, high-frequency systems.

In the past, significant efforts have been devoted to developing SiC by direct synthesis techniques
on Si substrates for monolithic microwave integrated circuits (MMICs), including chemical vapor
deposition, sputtering, rapid thermal annealing, and furnace annealing [162]. However, none
of them can avoid heating the entire wafer with a long procedure time during the fabrication
processes. Unexpected dopants, such as carbon, can easily diffuse into the sample and affect the
device performance across the whole wafer, and pre-fabricated silicon devices on the substrate
would suffer from dopant diffusion under such high-temperature processing steps.

To overcome these difficulties, a selective area fabrication technique was carried out using a

high-power KrF excimer laser [163]. The method not only demonstrates promising results for the
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local laser-fabricated Si-SiC device for microwave circuit applications but also shows advantages
in reducing processing complexities. The precise control of the laser creates an opportunity for fast
and limited area heating in the millimeter range, which reduces adverse impacts on neighboring
devices. Operating under ambient environment further justifies its simple and practical advantages.

In order to conduct comprehensive testing, SiC thin films are commonly deposited onto Si
substrates to assess their electrical properties. To fabricate such films, a single-sided polished
p-type Si wafer serves as the foundation. Thorough cleaning procedures are undertaken to ensure
the removal of any oxide layers. Subsequently, a commercially available polymethyl methacrylate
(PMMA) layer was spun onto the wafer at a speed of 3000 rpm. This process results in the formation
of a PMMA thickness (t) ranging from approximately 1200 to 1300 A. The inclusion of PMMA
in this procedure serves as a solid source of carbon atoms. Next, a high-power KrF excimer laser
pulse is focused onto the wafer, operating at a wavelength of 248 nm. As a result, the irradiated
PMMA and Si substrates undergo simultaneous dissociation and melting. Through subsequent
recrystallization, a thin layer of SiC material is formed atop the Si substrate. To establish reliable
electrical contacts, aluminum (Al) is deposited and patterned onto the Si-SiC devices. For ensuring
strong adhesion and Ohmic contact to achieve high performance electronic devices, metals such as

chromium (Cr) thin film is preliminarily deposited onto the SiC layer.

3.2 COMSOL Simulation

The heat transfer induced by selective laser fabrication can be simulated and analyzed using the
COMSOL Multiphysics software [164]. The built-in heat transfer module is a great tool for heat
analysis in a variety of physical processes where the laser process is included.

The geometry model for the COMSOL simulation is built based on the actual experiments as in
Figure 3.1. To reduce the simulation time, a thick layer of PMMA only covered a small area of the
I-inch Si wafer, where the PMMA layer is large enough to enclose the entire laser-affected area.
The wafer thickness is set to be 275 um as commercially available products, which is thick enough
to cover the heat transfer area. The maximum mesh sizes in the PMMA layer and Si wafer are set

to be 0.25 ym and 3.4 mm respectively, where the minimum mesh size in the Si wafer is 15.2 ym
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Figure 3.1 Laser fabrication illustration.

to achieve a geometry-independent solution. The resolution of time is set as 5 us for the simulation
efficiency. The primary object of this simulation is to estimate the single-laser pulse-induced heat
transfer and to predict the heat distribution profile shortly after the laser pulse.

The temperature in the sample varies due to the absorption of the laser and the cooling mech-

anisms. Therefore, this COMSOL integrated computational model is associated with four basic
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Figure 3.2 Laser energy Gaussian profile at the center of the wafer (X=25.4 mm).
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physical phenomena to express the heat exchange. The first one is the simulation of a single-pulse
laser, which is the source of heat. When a high-intensity laser with pulse width P,, = 25 ns hits the
target, heat can rapidly be delivered to the material. In the simulation, a 320 mJ laser pulse with a
300 ym beam diameter and 25 ns pulse width, which are comparable to the practical experiment
factors, is vertically introduced on top of the targeting surface. Laser-induced heat follows a Gaus-
sian profile, as in Figure 3.2. The high-temperature results in material melting and vaporization,
which take away some of the heat. In our experiment, the PMMA layer only has several hundred nm
for thickness. Therefore, we assume that the loss of heat as a result of the melting or vaporization
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Figure 3.3 Post-laser process nanoscan result. The lower left picture shows the optical view of the
laser processed dimples and the nanoscanned area is labeled by the green box. Upper right picture
illustrates the nanoscan result, where the laser processed area is distinguished from the
un-processed area. The scale bar in the lower left picture is 500 pm.
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Name Value | Description

Tm 1687 K Si melting temperature
Tv 2628.2 K Si vaporization temperature
C,1 700 J/(kg-K) Si Heat capacity at constant pressure
pl 2329 kg/m? Si density
Kol 130 W/(m-K) Si thermal conductivity
€ 0.8 Si surface emissivity
R 0'59;;(;;;1{?31 ;-0'6 Si reflectivity
Ta 293.15 K ambient temperature
hl 30 W/m? K wafer to air Heat transfer coeflicient
Al 0.8 wafer Absorptivity [165]
Ep 320 mJ laser pulse energy
Pw 25 ns pulse width
D 300 um beam diameter
Xr 0.0254 m center location of the laser beam
xd 100 um the standard deviation of the Gaussian laser beam
Ed | Ep/(Pwxn/4xD?) W/m? laser average energy density
G exp(-((x-xr)z/(Z-de))) laser Gaussian distribution
Pg A1xEdxG W/m? heat source
w 179 nm PMMA thickness [166]

Table 3.1 Key parameters used in the COMSOL simulation

of PMMA is not significant to the overall temperature distribution.

In contrast, the wafer-air convection cooling and the wafer surface-air natural radiation are the
two main channels for heat relaxations. It is defined that the top surface and the two sides of the
simulated wafer are the active areas for both mechanisms since they are exposed to the air directly.
The fourth is the visible deformation or melting of the wafer as a result of the heat introduced. It
is considered a channel for heat relaxation. A nanoscan result well illustrates the need to include
the wafer melting effect, Figure 3.3, where the laser-affected area has a significant rough surface
compared to the unprocessed areas. The COMSOL model is designed to consider heat flux transfer
during the formation of this region.

Key parameters are concluded as in the following table:

The simulation result concerns the time-dependent variation of the material temperature. Ac-

cording to COMSOL, the heat transfer in a thin structure can be approximated and described by
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Figure 3.4 Time-dependent COMSOL temperature simulation result of the Si wafer at 320 mJ
laser energy setting. The scale bar has a unit in Celsius. (a) Temperature profile of the Si wafer at
T =0 s. The wafer has the same temperature as the ambient environment. (b) Temperature profile
of the Si wafer at T = 250 us, where the heat flux is concentrated near the surface of the structure.
(c) Temperature profile of Si wafer at T = 500 us. The temperature reaches its maximum value at
this time then starts cooling. (d) Temperature profile of the Si wafer at T = 1 ms, where the heat is
dissipated and the temperature drops toward its initial value.

the following governing equation:

oT.
pcpa—; +Vq, = Qs (3.1)
qs = —kVT 3.2)

where p is the density of the thin material, C,, specific heat capacity, T" material temperature, ¢
time, and k thermal conductivity. Q; is the heat source applied.
At a 320 mJ laser energy setting, the COMSOL temperature simulation result was obtained in

Figure 3.4 at four different time intervals. In Figure 3.4(a), the temperature of the body equals
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the ambient environment temperature, 293.15 K. Figure 3.4(b) shows the temperature profile of
the wafer at T = 250 us after triggering the laser heating, where the temperature grows rapidly at
the near surface area. With sudden heat introduced (> 3500 °C), the PMMA covering material
decomposes into gas molecules and forms a plasma cloud. The cloud then explodes and is pushed
back, whereas its inner pressure decreases. During this process, carbon atoms diffuse into Si crystal
lattice and form SiC eventually. At T = 500 us, the surface temperature of the wafer reaches its
highest value, 6300 °C by the simulation, Figure 3.4(c). For those area whose temperature is higher
than Tm will be melted. The melting phenomenon is the sign that indicates the braking of the
chemical bond between Si atoms. In Figure 3.4(d), during the energy dissipation process, some of
the Si dangling bonds will receive carbon atoms from disassociated PMMA material and form SiC.
Others will ideally return to solid Si. Based on similar principles, this selective laser fabrication

process can also be applied in applications, such as the selective laser doping [167]-[171], and

laser annealing with lower input energy [172], [173].
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Figure 3.5 Simulated material temperatures with a 5 us resolution in time. All data were acquired
by averaging the temperatures inside the center box of Figure 3.4. (a) Time-dependent temperature
variations in PMMA and Si due to the introduced 320 mJ laser. The maximum temperature in Si is
lower than that in PMMA. (b) Time-dependent temperatures in Si with laser input energies of 250
to 400 mJ. The higher the energy, there will be aggressive changes in the material temperature.

Figure 3.5 demonstrates the results of the domain-averaged time-dependent temperature simu-

lation of the sample. In Figure 3.5(a), temperature fluctuations are compared between the PMMMA
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covering and the Si wafer, where we can see the heat in Si is conducted slower than in PMMA and
the maximum temperature is lower as well. With over 4000 °C, it is reasonable to expect PMMA
to vaporize. This is also confirmed during the actual experiments. On the other hand, considering
the time period that the Si material is above its melting point, the intense change in Figure 3.3 can
be explained. Figure 3.5(b) is the parallel comparison of the averaged Si temperature with different
laser power settings. From 250 to 400 mJ, higher resulting temperatures can be obtained. This
result will be used as a reference to guide the practical experiments since the actual settings are
nominally the same as the COMSOL simulations.

In addition, with more heat introduced to the sample, the affected area will be expanded as
shown in Figure 3.6. The induced dimples into the silicon are expected to be larger than the
laser spot size. The phenomenon must be considered when applying the selective laser fabrication
method onto a high density integrated circuit board in order to avoid any potential damage to

surrounding circuitry.
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Figure 3.6 Results of the time-dependent COMSOL temperature simulation of Si/PMMA sample
with different laser pulse energy at T = 500 u. Figures (a)-(d) are the heat flux resulting
temperature profile with 250 mJ, 300 mJ, 350 mJ, and 400 mJ laser input energies, respectively. It
is clear to identify that the laser-influenced area changes at the same time.

3.3 Raman Examination

In addition to the numerous types of elastic scattering of light during the light-matter inter-
actions, a small amount of light will be scattered inelasticly corresponding to different photons
of different frequencies from the incident ligth which carry useful chemical structure information
[174]. After many years of development, Raman spectroscopy has become a distinguished analysis
technique for material characterisation. This is not only limited to chemical identifications but also
expanded to investigate the properties of 2D materials as in the previous chapters in this dissertation
[175]-[178].

In this section, the processed wafers are explored by Raman spectroscopy. All evaluations are

performed in an ambient environment with back scattering geometry and a 532 nm excitation laser.
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Figure 3.7 SEM image and measured Raman spectra of the Si/SiC laser processed dimple. (a)
SEM image of the laser fabricated dot with surrounding areas, labeled as A, B, and C. A: area
inside the laser dot. B: bare Si wafer, where the PMMA is melted away by the laser. C: PMMA
phase-transition region due to the laser induced temperature. (b) Raman spectra of areas A and B,
where the SiC Raman peak can be detected only at region A. (¢) Raman spectra for area C and

different laser fabrication parameters. An enlarged plot was inserted details SiC peaks locate from
800 cm™! to 1100 cm™'.

The measured Raman spectra was obtained as in Figure 3.7. As in Figure 3.7(a), there are three
areas of interest labeled A, B, and C in the scanning electron microscope (SEM) image. Area A
is the laser-focused dot that indicates SiC has formed and a Si/SiC junction exists between the film
and the substrate. Area B is the surface of the unprocessed Si wafer, where the PMMA is vaporized
as a result of excessive heat and is where no SiC is indicated in the Raman spectra. Region C is a
result of PMMA phase transition because of the temperature, and where redeposition of material
that reflected off the laser plume exists.

Raman signals were first compared between areas A and B, Figure 3.7(b). The peak at 521 cm™!
comes from the Si substrate. Signals from 930 cm™! to 990 cm™! are created by the optical and

acoustic phonon modes of the 5—SiC. Because of the short range ordered SiC crystallite structure,
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and the signal from the surrounding Si there is an induced phonon mode damping as indicated by
peak broadening that was observed in all samples [179]. In the figure, it is clear to see the peak
of the longitudinal optical (LO) mode from region A, which matches previously reported work
[180]-[182]. On the contrary, no peak was observed in area B, which confirms the validity of the
selective laser fabrication technique. The measurements show no evidence of the transverse optic
(TO) mode which peaks at 796 cm™! for all laser processed samples. Since in back scattering
geometry, the TO mode of 3C-SiC is not Raman active. The absence peak indicates that there
are no stacking errors or interfacial dislocations and offsets between the crystal orientation of the
synthesized SiC and Si substrate [183].

To investigate the influence of the quantity of carbon on the SiC generation, multi layer PMMA
films were spun onto the Si substrate to increase the quantity of carbon while maintaining the other
conditions to be the same. The results of the Raman measurements are plotted as in Figure 3.7(c),
where the number of the PMMA layer is indicated as subscripts of L. An enlarged plot is inserted
around the SiC peak. From L; to L4, it shows a growing intensity, except for the result of L3. A
relatively stronger Raman intensity here corresponds to thicker fabricated SiC layers. The result
suggests a positive trend in SiC thickness by depositing several layers of PMMA prior to the laser
process. We interpret this as an increase in carbon content in the laser plume for thicker PMMA
films.

To further study the SiC generation, we conducted experiments using a PMMA droplet for even
thicker films, and separate experiments using graphite powders (no PMMA involved) as the carbon
sources. Both have successfully provided carbon atoms and the created SiC can be detected as
in Figure 3.7(c). The result points out that the sources for SiC synthesis are limited not only to
carefully spun PMMA layers but also to other materials containing high quantities of carbon atoms.

In Figure 3.7, we also detected SiC Raman signals from area C. We interpret this as the re-
deposition of ablated material that reflects back off the plume where some SiC is formed in the

laser plume and redeposited onto the substrate in the surrounding area [184].
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3.4 Advancements in SiC Synthesis using an Excimer Laser

From Figure 3.7, it is evident that the Raman intensity of the observed peaks exhibits a notable
decrease when compared to the dominant Si peak. This discrepancy arises as a consequence of
the slender SiC crystal thickness, leading to a restricted light propagation path within the material.
Consequently, this limited path length curtails the extent of light-matter interactions, thus posing
challenges in the acquisition of distinctive light scattering signals. Consequently, the issue at
hand centers on the low SiC yield encountered through the prior methodology of selective laser
fabrication, necessitating a resolution to this predicament.

In order to elucidate the underlying cause of the low yield, a comprehensive series of experiments

were designed to better understand fundamental principles governing the phenomenon.

3.4.1 Findings from Si Powder Mixtures

The previous results of thicker PMMA films on Si substrates giving larger SiC Raman peaks
was the impetus to investigate the possibility of fabricating even thicker films of SiC. To increase
the surface area of the PMMA to Si interface, silicon powder was mixed with PMMA and this
slurry was deposited on a sapphire substrate. The 248 nm KrF laser was used with a 25 ns single
laser pulse and an energy of 264 mJ that was passed through a beam homogenizer. The laser was
focused to a spot size of 1 mm? for a laser fluence of 453 mJ/cm?. An optical image of the resulting
structure is shown in Figure 3.8. A significant void could be seen under the laser spot location,
indicating significant exfoliation during this process.

Raman analysis of the sample at the locations indicated in the optical microscope image shown
in Figure 3.9 showed strong Raman peaks associated with SiC material. The SiC peaks could be
found up to a millimeter away from the region directly impacted by the laser spot further suggesting

significant exfoliation, and SiC formation in the laser plume itself.

3.4.2 Layered Structure for Finer Mixing
In an effort to decrease the SiC particle size, either finer Si powder in PMMA, or thin films of Si
and PMMA could be pursued. Since fine Si powder can be pyrophoric, we chose to investigate thin

films of amorphous Si, a-Si, and spun on PMMA. It was hypothesized that the SiC film thickness
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Figure 3.8 In this experimental setup, Si powder was mixed with PMMA. The red-circled area
denotes the location targeted by the laser. A void is observed within this region, characterized by
the absence of a substantial portion of Si powders. No discernible crystalline molten structure is
observed in this void region. The scale bar is 100 pm.

could be controlled by the number of repeat layers of a-Si and PMMA. Figure 3.10 illustrates the
implementation of this layered structure on a acetone and methanol cleaned 1-inch quartz (Si0;)
substrate. The layers consist of amorphous silicon (a-Si) interspersed with PMMA, forming the
sequence a-Si/PMMA/a-Si/PMMA from bottom to top. Each a-Si layer has a thickness of 850 A,
and a softbake process at 180 °C is employed after each PMMA layer is spin-coated leading to a
PMMA layer thickness of 2000 A.

To explore the efficacy of the proposed layered structure, a series of laser conditions were
investigated. Utilizing a KrF excimer laser at a wavelength of 248nm and pulse width of 25ns
operating at an operating voltage of 19 kV, equivalent to approximately 264 mJ, distinct laser
patterns were generated, each depicting a specific condition. The resulting dots, arranged from
left to right in Figure 3.10, represent the following scenarios (designated as S; to S7): continuous
laser operation at 10 Hz for a duration of 20 seconds, a single laser pulse deliberately defocused by

2 mm, a precisely focused single laser pulse, two consecutive focused laser pulses, a sequence of
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Figure 3.9 Detailed examination of the Si powder under an optical microscope reveals notable
findings. The labeled regions, indicated by red arrows, exhibit distinct SiC Raman signals,
signifying the presence of SiC material. Moreover, the presence of lustrous molten structures is
evident, indicating the transformation of the Si powder under external influences. Importantly, it
should be noted that these distinct structures manifest at a notable distance from the laser spot,
emphasizing their spatial relationship within the experimental context.

five focused laser pulses, a succession of ten focused laser pulses, followed by another individual
focused laser pulse, and concluded with two additional focused laser pulses. These deliberately
varied scenarios serve as a valuable experimental platform for investigating the consequences of
different laser settings on the resulting film.

The laser-induced dot patterns corresponding to each scenario are depicted in Figure 3.11.
Notably, each scenario exhibits a distinct pattern generated by the laser, with the focused laser spots
generally displaying a smaller diameter compared to the defocused patterns with the same number
of laser pulses. For a more detailed examination of the dot patterns, refer to Figure 3.12, which
specifically represents the sixth dot from the left in Figure 3.11. It is worth noting that the other
dots exhibit similar structures when observed under higher magnifications. In Figure 3.12, a closer

inspection reveals the presence of ring-like patterns accompanied by small particles.
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Figure 3.10 The depicted figure showcases a 1-inch quartz substrate featuring a layered structure
composed of a-Si/PMMA/a-Si/PMMA. The laser is operated with an operating voltage of 19 kV,
corresponding to an approximate energy of 264 mJ. The laser hit spots, arranged from left to right,
demonstrate various scenarios: laser running at 10 Hz for 20 seconds, a single laser pulse
defocused by 2 mm, a focused single laser pulse, two focused laser pulses, five focused laser
pulses, ten focused laser pulses, another single focused laser pulse, and two additional focused
laser pulses. Laser spots are placed 2 mm apart.

Raman spectroscopy from scenarios 5, 6 and 7 (as depicted in Figure 3.11) is shown in Figure
3.13. The Raman signals exhibit a peak intensity between the spectral range of 900 cm~! and
980 cm™!, which is specifically associated with SiC. This observed enhancement in peak intensity
is particularly significant when comparing it to the results portrayed in Figure 3.7(b) and (c).
These findings demonstrate the successful generation of a thicker SiC material through this layered
film reactive PLD method. This approach can be further investigated both through COMSOL
simulation and experimentally to better optimize the laser fluence, number of laser pulses, and the

overall PMMA-Si layer thickness on a silicon substrate. This approach could also be utilized to
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Figure 3.11 Figure presents a collection of microscopic images depicting the laser-induced dot
patterns on the quartz substrate. This image provides a visual representation of the unique
characteristics and spatial distribution associated with each laser-induced dot pattern. The scale
bar is 100 pm.

100 um
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Figure 3.12 A close-up view of the laser dot pattern located in the sixth position from left to right.
Upon examination, a distinctive ring-like pattern becomes apparent, accompanied by the presence
of small particle-like crystals. The detailed microscopic image captured in this figure offers
valuable insights into the unique characteristics and spatial arrangement exhibited by the
laser-induced dots in this specific configuration. The scale bar is 50 pm.

deposit fine SiC particles onto a substrate by matrix assisted pulsed laser evaporation (MAPLE)

[185].
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Figure 3.13 Raman spectra obtained from the nanocrystal structures within scenarios Ss, S¢, and
S7 are presented. The Raman signals obtained from these samples exhibit characteristic features
indicative of SiC. It is noteworthy that Raman signals from other samples exhibit similar patterns,
albeit with slight variations in signal intensity and spatial distribution within each respective
laser-induced pattern.
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CHAPTER 4

EXPLORING THE SYNTHESIS OF SILICON CARBIDE THROUGH REACTIVE
PULSED LASER DEPOSITION

In the previous chapter it was demonstrated that a pulsed laser could be used to reactively convert
two solid state source materials into silicon carbide on the surface of a substrate. Some control of
the thickness of the resulting SiC was shown to be possible through multiple alternating layers of
a-Si and PMMA. This chapter describes a different approach where the source material consisting
of multiple alternating layers of a-Si and PMMA are deposited onto a sapphire substrate. The laser
is then used to reactively combine the silicon and carbon from the PMMA film while transferring

the resulting SiC to a silicon substrate placed in close proximity to the sapphire.

4.1 Introduction

In recent years, the field of radio frequency (RF) power electronics has witnessed a remarkable
surge in interest surrounding the remarkable properties of silicon carbide. This wide bandgap
semiconductor has evolved from being a promising material to an indispensable component in the

realm of power electronic applications, particularly in the automotive industry [186], [187]. When
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Figure 4.1 Band structures and band offsets of various electronic materials.
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compared to conventional silicon based devices, SiC exhibits a remarkable array of superior physical
properties. These include a significantly higher breakdown electrical field, an elevated electron
saturation velocity, and a wider energy gap. Notably, the larger energy gap effectively reduces the
generation of electron-hole pairs through thermal activation, thereby rendering SiC highly suitable
for applications requiring high temperature operation and substantial power handling capabilities
[160], [188], [189]. In addition to SiC, other wide bandgap materials like gallium nitride (GaN)
and diamond (C) have garnered considerable attention in the scientific community. However, it is
noteworthy that SiC stands out as the sole material capable of direct growth on Si substrates, enabling
integration for signal processing and device operations (Figure 4.1). Particularly in the realm of
microwave devices, bulk SiC has emerged as a leading contender for next-generation applications.
Extensive research has already showcased the feasibility of diverse device types, encompassing
heterojunction bipolar transistors (HBTs), Schottky barrier diodes, metal-semiconductor field-
effect transistors (MESFETSs), and high-electron-mobility transistors (HEMTs) [190]-[193]. The
versatility of these devices has sparked great interest in the field of microwave technology, with
extensive research being conducted to explore their applicability in various domains, including
telecommunications and aerospace. Moreover, the presence of optically addressable spin-active
quantum defects, known as color centers, in SiC has elevated its appeal as a material for quantum
computing endeavors. Notably, several color centers, such as the nitrogen vacancy (NV), the
negatively charged silicon vacancy at the hexagonal lattice site (h-Vyg;), and the divacancy (CcVs;),
have emerged as highly promising candidates for both experimental investigation and theoretical
exploration [194], [195]. To facilitate these studies, the reduction of SiC material to smaller
dimensions, such as nanoparticles (NPs) or quantum dots (QDs), is crucial. These downsized
forms enable their utilization in photoluminescence (PL) and biological labeling [196].

The current synthesis methods for bulk SiC primarily involve the growth of epitaxial layers on
Si substrates, posing significant challenges due to the substantial lattice mismatch and differences in
thermal expansion. As a consequence, considerable residual stress is encountered upon cooldown

from the elevated growth temperatures [197]. To address the thermal mismatch issues at the
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junction, researchers have explored diverse techniques such as plasma-enhanced chemical vapor
deposition (PECVD), buffer engineering, and low-temperature molecular beam epitaxy (MBE)
[198]-[201]. Another approach to reduce the density of lattice dislocations entails selective
epitaxial growth (SEG) or localized growth of the material within a confined region [202], [203].
However, these deposition processes necessitate elevated processing temperatures for the entire
wafer, intricate epilayer engineering, or the utilization of carefully selected substrates with epitaxy
seeds. Consequently, there is a pressing need to develop a technique for SiC synthesis on wafers
containing pre-existing on-chip circuits, while simultaneously confining the high temperatures to
the specific area designated for SiC growth.

Synthesis of SiC nanoparticles can be classified into three primary categories: liquid phase
processes, solid phase processes, and vapor phase processes [204]. Liquid phase techniques,
such as the sol-gel method and pulsed laser ablation in liquid (PLAL), require a subsequent high-
temperature annealing step to fabricate SiC or utilize pre-synthesized solid SiC as the target for
laser ablation. However, these approaches have inherent limitations. For instance, during the
gel heating process in the synthesis of SiC nanoparticles, the particles may gradually transform
into nanowires and whiskers due to heterogeneous nucleation and gradient-oriented nucleation
mechanisms [205]. Moreover, the PLAL method is not suitable for large-scale preparation [206].
Solid phase processes, including high-energy ball milling, chemical etching, combustion synthesis,
and carbothermal reduction, involve either high temperatures to initiate chemical reactions or the
use of hazardous chemical solutions for etching [207]-[210]. The final group of growth methods
comprises vapor phase techniques, with a primary focus on chemical vapor deposition (CVD).
These methods employ a continuous gas flow, high temperature, and low-pressure conditions
[211]. Therefore, there is a notable interest in developing a growth technique that can operate
under ambient conditions, independent of pre-synthesized SiC, and free from the use of hazardous
chemicals.

Recently, a novel technique for the selective fabrication of SiC through a local laser annealing

process has been demonstrated [163]. This process utilizes PMMA as a carbon source and a pulsed
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laser as the heat source. By subjecting the Si substrate to laser melting and dissociating the PMMA,
a SiC thin film is reformed. Although this approach can be performed under ambient conditions, a
post-etching procedure is still necessary to shape the SiC material. Furthermore, the method suffers
from relatively low output efficiency, which is likely attributed to an incomplete understanding of
the underlying mechanisms as illustrated in the previous sections.

To overcome these limitations, this study introduces a novel reactive pulsed laser deposition
technique that operates under ambient conditions and eliminates the need for hazardous chemical
etching. The process involves the placement of a target source, composed of alternating layers of
Si and PMMA, over the desired fabrication region. Subsequently, a homogenized laser beam is
employed to generate a localized hot spot that melts the Si and carbon-containing film layers. This

process effectively disrupts the chemical bonds within the layers, leading to the ejection of atoms

-Reaction

Figure 4.2 Schematic diagram illustrating (a) the target source mechanisms employed during the
SiC deposition process, and (b) a representation of the SiC printed structure alongside the
photoresist pattern after the proposed process. The SiC material is precisely deposited into a
pre-patterned shape utilizing a commercially available photoresist, which can be subsequently
modified and refined following the reactive pulsed laser procedure.
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from the target source towards the substrate area through laser-induced plasma expulsion [185].
During the expansion of the plasma shockwave, Si and C atoms combine to form SiC nanoparticles,
which subsequently condense onto the substrate surface, as depicted in Figure 4.2 (a). Unlike laser
ablation, this directional ejection process involves the generation of SiC material during plasma
expansion and its ejection towards the substrate [212].

Furthermore, the synthesized SiC particles undergo annealing with the substrate surface due to
the localized heat caused by laser light that transmits through the sapphire substrate after expulsion
of the PMMA/a-Si film. By employing a single or a few laser pulses, SiC nanoparticles with a
random distribution can be generated. Conversely, employing multiple laser pulses allows for the
production of a thicker SiC film by simply moving the sapphire to a fresh location between pulses.
Leveraging the advantages of a movable stage, this technique enables selective local processing,
ranging from SiC nanoparticle deposition to SiC film growth. Additionally, commercially available
photoresists can serve as a mask to facilitate the printing of SiC into pre-patterned shapes. It is
also feasible to pattern the SiC after the printing process is completed, as demonstrated in Figure
4.2 (b).

This innovative approach was successfully employed to fabricate a diode using SiC/Si material,
resulting in a distinct current rectification behavior of the device. Simultaneously, our novel
methodology facilitated the generation of SiC nanoparticles, which exhibited photoluminescent

properties when excited with different wavelengths.

4.2 Setup and Fabrication

In preparation for the synthesis procedure, a source target is created by coating a transparent
sapphire substrate with multiple layers of amorphous Si (a-Si) and PMMA films. Two layers of
a-Si with thickness of 85 nm each and two layers of PMMA with 200 nm each. The selection of
sapphire as the substrate material for the target is based on its minimal interaction with the incident
laser beam, ensuring optimal performance.

As depicted in Figure 4.3, the SiC selective printing system incorporates a computer-controlled

high-power KrF excimer laser featuring a pulse duration of 25 ns and a wavelength of 4 = 248 nm.
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Figure 4.3 Schematic diagram of the SiC selective printing system showcasing its key components,
including a high-power KrF excimer laser, reflecting mirrors, beam homogenizer, microscope
lens, movable stage, and computer for precise control. Schematic figure was drawn by Figdraw.

To ensure even illumination across the desired focal area, the sample is exposed to the excimer
laser beam directed through an optical path specifically designed to homogenize and shape the
intensity profile. Subsequently, a microscope focus lens is employed to concentrate the laser onto
the surface of the sample substrate. The resulting spot size is measured to be approximately 1 mm?,

2. Throughout the manufacturing process, the samples

with an intensity recorded at 453 mJ/cm
are positioned on a movable stage, which is under the precise control of a computer system. By
administering commands from the computer, the fabrication process can be executed across the
entirety of the wafer.

Quartz (SiO;) microscope slides and Si wafers were prepared as substrates to investigate the
optical and electrical properties of synthesized SiC material. In the fabrication process, the target
source was carefully positioned upside down on the substrate, allowing for controlled material
ejection towards the desired region. By precisely triggering the computer-controlled laser pulse,

the printing procedure described earlier was executed on the substrate surface.

Figure 4.4 presents a comparative Raman spectra analysis, highlighting the effectiveness of two
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Figure 4.4 Raman spectra comparison of sample S1 and S2, along with their corresponding
optical images. Sample S1 was prepared using a Si wafer covered with the sapphire target source,
while sample S2 was synthesized using a Si substrate with a PMMA layer of approximately 200
nm thickness.

distinct laser fabrication methods. Sample S1 was generated by utilizing a Si wafer with a sapphire
target source covered on top, while sample S2 was synthesized employing a Si substrate with an
approximately 200 nm-thick PMMA coating.

Upon exposure to a 532 nm laser, both sample S1 and sample S2 underwent 10 laser pulses, with
the sapphire target in S1 remaining stationary to enable a comparative analysis. The resulting Raman
spectrum exhibited several broad peaks at approximately 521, 676, 812, and 940 to 980 cm™~!. The
observed peak broadening can be attributed to various factors [179]. One contributing factor is the
damping of phonon modes, which is influenced by the short-range ordering of SiC crystallites. The
immediate vicinity surrounding the SiC site contains Si clusters and debris, further contributing
to the observed broadening. The 521 cm™! peak corresponds to the Si substrates, while the peaks

ranging from 940 cm™! to 980 cm™! are associated with the acoustical and optical modes of 3-SiC
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[179], [181]. The absence of the transverse optical mode (TO) in the Raman spectrum suggests
that the examination solely involved back scattering and indicates a lower presence of stacking
faults in the crystal [183]. In this case, the Raman signal from sample S1 exhibits relatively higher
intensity compared to that of sample S2, indicating the presence of a considerably thicker film.
This difference can be attributed to the significant expulsion of material in this laser processing
technique such that the covered target transfers significant material from the sapphire surface to the
silicon substrate below it, in contrast to the uncovered case in sample S2 where the synthesized SiC
particles disperse away from the substrate. The microscopy image inserted in Figure 4.4 highlights
a distinct contrast between the two samples due to the confined plasma and localized heating of the
silicon substrate. The Raman spectrum also reveals a prominent peak at 812 cm™!, corresponding
to the transverse optical mode (TO) of the 6H-SiC crystal [213]. Additionally, the signal at 676
cm™! is attributed to the scattering of defect-induced transverse and longitudinal acoustic phonon
modes [214].

As previously mentioned, employing multiple laser pulses in the proposed method allows for
the synthesis of a thicker SiC film. Figure 4.5 presents Nanoscan measurements of the printed SiC
film obtained with 2, 5, and 10 laser pulses. The greyed lines in the figure represent the raw data
with a resolution of 0.5 um, while the solid lines indicate the average thickness of each sample
across the entire printed area. To ensure an ample supply of source material for printing, the target
source was shifted to a new location after each pulse. It is evident from the figure that the use of
multiple laser pulses results in the creation of thicker and larger SiC films.

To evaluate the electrical properties of the synthesized SiC, thick films were fabricated on both
n-type (N = 1x10'> cm™) and p-type (N, = 1x10'6 cm™>) doped Si wafers using the proposed
technique with 10 laser pulses. A 300 nm thick layer of aluminum (Al) was deposited to establish
the metal contact with the Si substrate, while a combination of 30 nm nickel (Ni) and 100 nm Al
was deposited on the SiC surface to create the Ohmic contact. The resulting SiC/Si diode structure
is depicted in Figure 4.6.

For the study of optical characteristics, the above method was used to print SiC onto a quartz
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Figure 4.5 Nanoscan characterization of SiC films printed with different numbers of laser pulses.
The grey lines in the figure represent scanned data with a resolution of 0.5 ym, while the solid
lines indicate the average thickness of the SiC films across the deposited area.
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Figure 4.6 Schematic diagram illustrating the SiC/Si diode structure.
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substrate. Different light sources with varying wavelengths were used to excite the sample, which
was subsequently observed under photoluminescence microscopy. Here, SiC nanoparticles were
formed on the quartz substrate with just a single laser pulse, thus enabling the potential formation

of plasmons to enhance the photoresponse [215].
4.3 Experimental Results

4.3.1 Current-Voltage Characteristics

All measurements reported in this section were performed under ambient conditions without
external light illumination. Figure 4.7 illustrates the charge transport characteristics of the SiC/Si
heterostructure with a large metal contact (150 um diameter). The samples designated as S,, and
S, correspond to n-type and p-type doped Si, respectively. The measured results reveal the typical
behavior of a p-n diode, exhibiting current rectification. Notably, sample S,, exhibits an impressive
on-off ratio of 1x10° when evaluated at 0 V and 60 V, accompanied by a threshold voltage of 37 V.
The leakage current densities (J) were recorded as 2.19 uA/cm? and 32.59 uA/cm? at 0 V and -20 V,
respectively. Sample S, exhibits similar charge transport behavior, albeit with a smaller threshold
voltage of 13 V. The current rectifying ratio for S, is approximately 4x10?, defined between 0 V
and 20 V. The leakage current densities at 0 V and -20 V were measured as 2.32 uA/cm? and
12.41 uAlcm?, respectively. The observed breakdown voltage for both samples occurs around -25
V, indicating the presence of tunneling, where impurity densities negatively affect the breakdown
voltage [133]. The localized thermal quenching induced by the laser during fabrication results in
increased leakage current and decreased effective breakdown voltage [216], [217].

Figure 4.8 illustrates the dark current-voltage (J-V) curves of the examined samples, presented on
alogarithmic scale. The data reveals distinct variations in slope at higher forward biases, indicating
the presence of defects at the junctions between the semiconductor and metal components, leading to
suboptimal connections. These observed defects can be attributed to the intense local laser exposure
during the fabrication process, which generates a high density of disorder trap states. These trap
states serve as recombination centers, causing recombination current to surpass diffusion current.

This finding highlights the potential for enhancing the quality of SiC materials by optimizing
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Figure 4.7 Dark current density-voltage (J-V) characteristics of the S, and S;, heterojunctions. The
microscopy image inset showcases the printed SiC material, highlighting the visible 150 pm
diameter metal contact area in the center.

the laser power. Moreover, the calculated resistance at lower biases demonstrates that sample S,
exhibits higher resistance compared to S,. This disparity arises not only from the presence of
defects but also from the inherent potential difference at the heterojunction. As depicted in Figure
4.9 (a) and (b), E, is larger than E,, resulting in a higher turn-on voltage for S,,. During testing,
it should be noted that other current mechanisms, such as multistep recombination-tunneling and

trap-assisted tunneling, also influence the rectifying ratio.

4.3.2 Optical Characteristics

SiC, a well-known indirect bandgap semiconductor, is typically characterized by relatively low
luminance. However, recent research on 3C-SiC QDs has revealed their remarkable photolumines-
cence comparable to those of direct bandgap QDs [218]. In the case of group IV semiconductor
materials, the emission of light is heavily influenced by the Bohr radius, where the quantum

confinement effect dictates a shift towards shorter wavelengths as the material size decreases. Fur-

93



|
1E-6
S
n
1E-7 =
—
< ’
=
C
QO 1E-84 d
5 S
O E . 't'”‘ . - .
“ -% | "“'Qﬁ“*'&..ﬂ
1E-9'r= i
LQ
I 1
. RN
Voltage (V)
1E-10 y l .
O g 40 60
Voltage (V)

Figure 4.8 Dark current density-voltage (J-V) characteristics of the S, and S;, heterojunctions. The
microscopy image inset showcases the printed SiC material, highlighting the visible metal contact
area in the center.

thermore, the presence of interior defects, such as synthesis-dependent substitutional impurities
and vacancies, can lead to interband carrier recombinations and correlated luminescence, where the
brightness correlates with the concentration of these defects. By leveraging the proposed explosive
process, SiC films with natural dislocations and vacancies can be fabricated. In this section, these
films will be printed using a single laser pulse without additional modifications, allowing for the
investigation of various optical mechanisms spanning from UV to near-infrared light.

To conduct the experiments, a UV light source emitting at a wavelength of 4 = 254 nm was
utilized, and a filter was employed to eliminate any light below 385 nm. The scanning results
are depicted in Figure 4.10, where the baseline signifies the detected light when only the pristine
quartz substrate is positioned beneath the detector. The red line represents the detected light when
the quartz substrate is coated with the printed SiC nanocrystals. Notably, the figure showcases a

significant variation in intensity across a broad spectral range, approximately ranging from 430 nm
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Figure 4.9 Energy band diagrams of the diodes fabricated using selective laser printing at 0 V
bias. (a) Depicts the S, heterojunction with a barrier of E,, and (b) displays the S, heterojunction
with a lower built-in potential of E,.

to 680 nm, with the exception of leakage light below the 385 nm wavelength. This broad intensity
change captures the intricate optical dynamics associated with the indirect excitation and relaxation
of electron-hole pairs on the SiC nanocrystal-coated surface.

When exposed to incident light with a wavelength of 254 nm, the individual photons carry a
relatively high energy of Ep, = 4.88 €V, surpassing the energy bandgap of 3C-SiC, which has been
reported to be 2.36 eV [219]. As a result, the excess energy is dissipated through the generation of
phonons and lattice vibrations, which play a crucial role in maintaining momentum conservation
during the excitation process. During the relaxation phase, photons are expected to be emitted
at a wavelength of 525 nm, which aligns with the bandgap of the material. Notably, this emitted

wavelength falls within the range covered by the detected signal, indicating a close correlation
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Figure 4.10 Comparison of the photoluminescence emitted by the SiC nanocrystals generated
using a single laser pulse with the photoluminescence of the quartz substrate, which serves as the
baseline. The photoluminescence microscopy image, depicted in the inset, showcases the emitted
light, with the purple background resulting from the inherent wavelength imprecision of the UV
light source.

between the relaxation process and the observed spectral variation. Furthermore, Figure 4.10
reveals a prominent peak at 380 nm, corresponding to a photon energy of 3.26 eV. While this could
potentially be attributed to the presence of the 4H allotrope of SiC [220], further investigation is
necessary to fully comprehend the underlying factors contributing to this peak. Factors such as
the precision of the UV light source and the attenuation caused by the filter should be taken into
account to gain a comprehensive understanding of this observed phenomenon.

To gain deeper insights into the photoluminescence characteristics of SiC nanocrystals, a vis-
ible light source with a wavelength of 540 nm and a photon energy of 2.3 €V, slightly below the
bandgap of SiC, was employed. Figure 4.11 presents the photoluminescence microscopy image,
illustrating the observed light emission. Despite the incident light’s energy being insufficient to

induce the photoluminescence effect theoretically, we observed light emission resulting from the
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SiC NPs
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Figure 4.11 Photoluminescence microscopy image of SiC nanoparticles fabricated using the
proposed method, excited with a 540 nm light source. The laser-printed SiC nanoparticles are
visually represented by the green region, while the quartz substrate appears as a dark area. This
image serves as a compelling visual confirmation of the successful implementation of the
proposed fabrication technique, showcasing an effective printing area that exhibits notable
photoluminescence effects.
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Figure 4.12 Schematic illustration depicting the temporal relationship between the probe and
pump pulses, with a precise time interval of t = 3.33 ps. The synchronized photodetector is
aligned with the probe pulses, while the specialized filter effectively eliminates the pump light,
enabling exclusive detection of the transmitted probe light. The accompanying images at the
respective time positions present the calculated 931 nm photon absorption of the sample,
exhibiting a discernible pattern and heightened absorption when the pump pulse is introduced, as
compared to absorption observed with probe-only incident light. To enhance visibility, the images
were adjusted using ImageJ due to their relatively lower contrast compared to metallic
nanostructures reported in previous studies [221]. The scale bars in the images indicate a length
of 100 um, serving as a reference for size measurements.

interplay of two photoluminescence mechanisms: quantum confinement and defect-related transi-
tions, with the defects eventually dominating the photon emissions. Interestingly, when subjected
to photoluminescence microscopy using an excitation wavelength of 488 nm, no light emission
was detected, emphasizing the significant influence of defect types on the energy of the emitted
photons. These findings underscore the intricate and multifaceted nature of the photoluminescence
behavior exhibited by the synthesized SiC nanoclusters.

To further understand the dynamics of excitation in these randomly distributed SiC nanocrystals,
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we utilized an advanced probe and pump system capable of generating near-infrared wavelengths,
allowing us to explore their nonlinear optical properties. As depicted in Figure 4.12, our exper-
imental configuration involved directing a probe with a wavelength of 931 nm onto the sample,
followed by a pump light at 1040 nm after a precisely timed interval of t = 3.33 ps. Subsequently, an
additional probe pulse was directed onto the sample after a further 3.33 ps delay. To achieve pulse
durations of 1.5 picoseconds, we intentionally chirped the laser pulses. To capture the transmitted
light, we employed a highly sensitive photodetector equipped with a specialized filter designed to
effectively eliminate the 1040 nm pump light, enabling us to selectively detect and analyze only
the transmitted 931 nm light. By comparing the detected probe light intensity with the intensity
of the source, the absorptance of the SiC nanoparticles could be determined. The absorptance
differences, elucidating the influence of the 1040 nm photons, are illustrated in the accompanying
images in Figure 4.12. Notably, at t = -3.33 ps, the probe light passing through the sample exhibited
negligible changes in intensity. However, in the presence of the preceding pump beam, a distinct
enhancement in probe photon absorption was observed. This observation provided clear evidence
of the SiC material deposited by the reactive pulsed laser, as demonstrated by the scanned picture.
Further details and comprehensive results can be found in Figure 4.13.

To enhance the visual contrast between the substrate and the deposited material, a simple pattern
was implemented. As shown in Figure 4.13(a), an optical microscopy image reveals the presence
of a channel created by pre-spinning photoresist, which served as a guiding path for SiC deposition.
Within this channel, the SiC materials are clearly distinguishable, and the laser-induced sputtering
process has generated a noticeable pattern visible in the image.

Figure 4.13(b) and (c) present the results obtained through scanning specific regions of interest
using the probe and pump system. The red and yellow boxes represent distinct areas. The brighter
regions in these images indicate an increase in photon absorption due to the presence of the pump
beam.

The underlying physical principles of this phenomenon can be explained by the collective

nonlinear interactions between light and matter, specifically through a two-photon absorption
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Figure 4.13 (a) Optical microscopy image displaying the deposited area of SiC nanocrystals
fabricated using a reactive single-pulsed laser technique. A simple pattern was utilized to
facilitate comparison with the substrate material. (b) Probe photon absorption at a wavelength of
931 nm within the red boxed region depicted in (a), highlighting distinct variations compared to
the quartz substrate. (c) Probe photon absorption at a wavelength of 931 nm focused on the yellow
boxed area shown in (a). Scale bars with a length of 100 um ensure accurate representation of
size. The scanned images were adjusted using ImageJ to enhance contrast, and an arbitrary unit
color bar is provided to illustrate the relations of 931 nm photon absorption.

process in the context of our study. Without the 1040 nm (1.19 V) beam, the 931 nm (1.33 eV)
light alone lacks the necessary energy to generate electron-hole pairs. Instead, the energy carried
by the incident photons is transferred to crystal vibrations within the material. However, with the
introduction of two-photon excitation, the combined photon energy (2.52 eV) becomes sufficient
to bridge the bandgap of SiC, allowing for the creation of electron-hole pairs. This distinction is
clearly evident in the scanned images. Furthermore, the longer wavelength of the near-infrared beam
enables deeper penetration into the material, increasing the likelihood of luminescence originating

from defects and trap states.

4.4 Conclusion
In summary, this study introduces a novel SiC reactive pulsed laser deposition technique for

the synthesis of SiC nanoparticles and thin films. By utilizing a homogenized laser beam, a
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localized hot spot is generated, causing the melting of Si and PMMA layers in a target source. This
process triggers a laser-induced plasma plume, resulting in the formation of SiC onto a substrate.
The synthesized SiC particles can be conveniently printed onto substrates, either with a random
distribution or in pre-patterned shapes, using commercially available photoresists and a liftoff
technique. Raman spectroscopy analysis was conducted to validate the successful synthesis of SiC
materials. The results from the Raman spectroscopy and nanoscan confirm the presence of SiC
and demonstrate that thicker films can be obtained by employing multiple reactive laser pulses.
Furthermore, the electrical properties of the synthesized SiC were evaluated through current-voltage
characteristics, which revealed typical diode behavior and rectification. The SiC/Si heterostructure
showed electron-dominant charge transport, and measurements of leakage current densities were
measured for both n-type and p-type doped Si. In addition, the fabricated SiC materials exhibited
interesting photoluminescence effects when excited with different wavelengths originating from
the semiconductor material or crystal defects. This finding opens possibilities for applications in
various fields, including bio-labeling, quantum technologies, and optoelectronics.

In conclusion, the SiC reactive pulsed laser deposition technique presented in this study offers
a promising and environmentally friendly approach for the selective synthesis and fabrication of
SiC materials. The ability to precisely control the deposition process and achieve desired material

properties makes it a highly attractive method with potential applications in diverse fields.
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CHAPTER 5
FUTURE RESEARCH DIRECTIONS

5.1 Plasmonic Nanostructure Devices

In the context of plasmonic nanostructure photodetectors, this dissertation has effectively
demonstrated the impact of the vertical gap. This phenomenon, intricately linked with semiconduc-
tor thickness, offers a streamlined approach to mitigating challenges associated with electron-beam
lithography. As a natural progression, the forthcoming stages of research could be directed towards
as the following:
1. Exploring Different 2D Semiconductor Materials: The current study has provided valuable
insights into the effects of the vertical gap on plasmonic nanostructure photodetectors using MoS,.
A promising direction for future work could involve investigating the behavior of different 2D
semiconductor materials within similar plasmonic nanostructure setups. This exploration could
shed light on how various energy band gaps and material properties influence the enhancement of
electric fields, photocurrent generation, and overall device performance.
2. Optimizing Nanostructure Geometries: The simulation results have demonstrated the significant
impact of nanostructure geometries on the enhancement of electric fields and light absorption. Fu-
ture research could focus on optimizing these geometries to achieve even higher field enhancements
and absorption efficiencies. This could involve systematic studies to determine the most favorable
configurations for enhanced performance.
3. Characterization of Other Plasmonic Materials: While gold nanoarrays have been the primary
focus in this study, there are various other plasmonic materials with distinct properties. Investigating
the effects of using different plasmonic materials, such as silver or aluminum, within the proposed
photodetector structure could provide insights into how material properties influence plasmonic
enhancement and device performance.
4. Multi-Physics Simulations: To gain a more comprehensive understanding of the device behavior,
future research could involve multi-physics simulations that consider not only electromagnetic

interactions but also thermal effects. This would provide insights into how plasmonic heating
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influences carrier generation, recombination, response delay and overall device stability.

5. Nonlinear Optical Effects: The investigation into nonlinear optical absorption presented a
glimpse into the potential nonlinear properties of the NAs/MoS,/NAs structure. Future research
could delve deeper into these nonlinear effects and explore their applications in areas such as
all-optical signal processing, nonlinear spectroscopy, and nonlinear imaging.

6. Integration with Existing Technologies: Exploring the integration of the proposed photodetector
technology with existing electronics and photonics platforms could facilitate the development of

practical devices for specific applications.

5.2 Reactive Pulsed Laser Deposition of Silicon Carbide

For reactive pulsed laser deposition of SiC, there are several potential paths for future work that
can build upon the presented research and address certain aspects for improvement and advance-
ment. Here are some suggestions for future directions:
1. Ultra-High Vacuum Operation: The article discusses the synthesis of SiC nanoparticles and thin
films using a reactive pulsed laser deposition technique under ambient conditions. However, for
more controlled and precise material synthesis, you could consider implementing the process in an
ultra-high vacuum (UHV) environment. This would help eliminate contamination and undesired
dopants from the ambient atmosphere, leading to improved material quality and consistency.
2. Crystal Defect Reduction: The article mentions that the synthesized SiC materials exhibited
photoluminescence effects attributed to crystal defects. One can focus on further reducing these
crystal defects by optimizing the laser-induced thermal annealing process. Investigate different
annealing temperatures, durations, and cooling rates to find conditions that minimize defects and
enhance material properties.
3. Quantum Defect Engineering: Since SiC is known for hosting optically addressable spin-
active quantum defects (color centers), future research can delve deeper into engineering and
characterizing these defects. Explore different techniques to control the formation and concentration
of specific color centers, such as NV centers, which have potential applications in quantum sensing

and quantum information processing.
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4. While the article employs Raman spectroscopy and photoluminescence microscopy for material
characterization, consider incorporating more advanced techniques. For example, transmission
electron microscopy (TEM) and X-ray diffraction (XRD) can provide detailed insights into crystal
structure, nanoparticle size distribution, and lattice defects.

5. Surface Passivation: To improve the performance of SiC-based devices, consider studying sur-
face passivation techniques. Surface defects and dangling bonds can lead to undesirable electronic
properties. Developing methods to passivate these surface states can enhance device performance,

especially in high-frequency applications.
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