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Abstract

THz technology is a promising field that has various applications in
communication, medical imaging and diseases’ detection, scanning, and the food
industry. Since THz technology is still in its early stages, there is a lot of work to be
done to obtain devices that work efficiently in the THz range. One of these devices is
THz absorbers that are the basic building blocks for the next generation THz systems
whether in communication systems, imaging or shielding. THz absorbers are structures
that can absorb electromagnetic waves in the THz range (0.1-10 THz). THz absorbers
can be wideband (absorb a wide range of THz frequencies) or selective frequency
absorbers (absorb a specified THz frequency). The aim of this study is to reach a nearly
perfect selective THz absorber with near unity absorption based on 2D materials. 2D
materials are known to have low cost, and they are abundant, and easy to fabricate
through typical techniques like chemical vapor deposition (CVD) and dry transfer. The
focus of the work is to study the characteristics of recently reviewed materials like MoS:
and phosphorene and their heterostructures characteristics with graphene then utilizing
these properties to design an absorber. This study is a theoretical based one, where the
finite element method (FEM) is used to simulate the final design that was based on the
previous experimental and theoretical calculations. The simulation was verified by
applying the transmission circuit theory that verifies the high absorption of the structure.
The proposed structure is the first to have a high absorption above 90% and that reaches
95% for some frequencies that is based on 2D materials without including noble
materials like gold and silver to increase its absorption. The device is electrically tunable
through most of the THz spectrum (1.3 THz -10 THz) that surpasses previous
metamaterial absorbers which have limited range tunability. These characteristics enable
easy fabrication and low-cost preparation that is considered an advancement in the THz

absorbers.

Keywords: MoSz/graphene heterostructure, phosphorene/graphene heterostructure, THz

applications, THz absorbers, transmission line circuit theory, graphene nanoribbons.
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Chapter 1 : Introduction

1.1 Overview

Terahertz (THz) frequency, the frequency range that covers from 0.1 THz to 10
THz or sometimes defined as the frequency range from 0.3 THz to 10 THz, or the
submillimeter wavelength spectrum (30 pm-3 mm) is found to be a promising frequency
for a wide range of medical applications, and communication systems Figure 1. It lies
between the infrared (IR) and the microwave frequencies and sometimes referred to as
far IR that covers from (15 um — 1 mm) and sometimes it is called the THz gap as it is
the undiscovered frequency range between the microwave and the IF frequencies. This
frequency spectrum has low energy and low frequency compared to x and y rays and is a
non-ionizing frequency that enabled it to invade the medical field vigorously as it is
considered safe and non-devastating for humans. THz radiation is considered near to
human bodies radiations or thermal radiations that are in the infrared spectrum. THz
radiation is used to detect and cure cancer and as a biomarker for DNA. Their high
penetration enabled them to be used in detection and imaging whether in food industry

or security scanning.
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Figure 1: Frequency spectrum (Ouda, 2007)



THz frequency has promising applications in different aspects of life. The most
appealing are in communication, sensing, and scanning. THz frequency is promising for
6G wireless communications that can have up to 100 Gbps (Chaccour et al., 2022). Due
to its high frequency and short wavelength, it is promising for faster communication and
larger bandwidths when compared to 5G communication that are in the range of
microwave frequencies (speed up to 10 Gbps). However, THz frequencies are prone to
molecular absorption and dissipation where they travel for short distances only because
of its short wavelength. Figure 2 illustrates the four prospected main applications of THz
frequency in communication where all of these completely automated systems require
Ultra-high-speed communication in range of tera bits per second (Thps), high fidelity,
large amount of data transfer and near-zero latency. The use of the THz waves in
medical applications isn’t restricted to scanning and detecting cells and diseases like
detecting cancer but it has potential towards cancer treatment at high-power frequency
radiation (EI-Shenawee et al., 2019; Gezimati & Singh, 2023; Yu et al., 2019). THz
technology is a new era of communication that will revolutionize our way of life.
However, typical semiconductor devices fail to work as transceivers in the THz region or
to effectively convert electrical energy into electromagnetic energy. We are in need of
developing new devices, antennas and sensors that are compatible with the THz range.
Graphene showed better optical properties that allow transceivers to be tunable, compact,
high-speed, and energy efficient. This is due to its plasmonic resonance that occurs at

electromagnetic excitations.

Figure 2: The four main applications of THz waves in communication systems.
From top left to right holographic teleportation, and extended reality (XR), digital twins, Non-Terrestrial Networks
(NTNSs), and connected robotics and autonomous systems (CRAS). IEEE communications surveys & tutorials 2022
(Chaccour et al., 2022)



1.2 Statement of the Problem

Communication is one of the eminent applications of the THz technology where
the progress in developing electronic components that align with this emerging
technology is still in its early stages. We are in need of developing new electronic
devices that can work efficiently in the THz band. There are lots of electronic
components that are used in transceivers and sensors and in this work, we focus on THz
absorbers that are crucial components in communication systems. Previous THz
absorbers are bulky (tenth to hundreds of micrometers), have complicated design which
means complex and expensive fabrication techniques, and mostly includes gold or noble
metals (Ag, Pt) to achieve high absorptivity. Besides, most of the previous work focused
on broadband absorbers which of course have an important role in THz shielding but
very little work discussed narrow band absorbers or selective frequency absorbers that
are used in sensing and enhancement of electric and magnetic field. The previously
developed broadband absorbers have limitations with the frequency range they operate
at. They have high absorptivity over a specific range but can’t be tuned over the whole
THz spectrum. In this work, we focused on selective frequency absorbers with relatively
low bandwidth. We aimed at developing a THz absorber with high absorptivity, low

cost, simple design and easy fabrication that can be tuned over the whole THz range.

1.3 Research Objectives

The aim of this research is to develop a high absorptivity THz absorber based on
2D materials including graphene. The objective was to choose abundant and low-cost
materials that could increase the absorptivity of graphene and include them in a simple
design, while considering the tunability of the absorber almost all over the THz band.
Graphene is on top of optical materials that has plasmonic resonance in the THz range,
beside its optical tunability. At first, the absorptivity of the simplest structure of
graphene nanoribbons absorptance was checked and it didn’t exceed 50%. Molybdenum
disulfide (MoS2) and Monolayer black phosphorous (MLBP), which is also called
phosphorene, are the subsequent intensively studied materials. The absorptivity of the
heterostructures and combinations of these materials with graphene was studied. The

structure dimensions and structure were modulated to achieve the required absorptance.



After that, an absorber structure was proposed including those three materials to have
high absorptivity (>90%. The proposed structure is analyzed through the finite element
method (FEM) simulation and then verified analytically through the transmission line
circuit theory that confirmed the high absorptivity of the design through and beyond the
THz range.

1.4 Relevant Literature

In this section, we will present the basic physics and material properties that
opened the way for 2D materials to be used in optical and electronic applications.
Plasmonic oscillations of 2D materials are one of the main characteristics that enabled
their use in ultra-thin absorbers. The band gap of these materials can change with the
material thickness (number of layers) and the vertical applied voltage. We will discuss

these properties in detail in the next sections.

1.4.1 Plasma Oscillations

Plasmonic oscillations in metals date back to the Roman empire, 4th century AD,
where the inclusion of gold nanoparticles in glass was used to make the most spectacular
glass the Lycurgus cup that brighten green from one side (reflecting) and red from the
other one (transmitting). This was also used in church windows. The free electrons in
metals behave as a sea of electronic oscillations that absorb certain frequencies and emit
them resulting in different colors. Free electrons and holes in semiconductors can exhibit
plasmonic oscillations under some conditions. The plasma oscillations in semiconductors
were first mentioned in (Dyakonov & Shur, 1993, 1996). In those studies, it was
proposed that in short channel semiconductors, ballistic transport is supported because
there is no collisions with phonons and/or impurities during the transit time. However,
due to very short channel electrons-electrons collisions exist and they can’t be
considered ballistic particles. They are in need of another definition to describe their
state. The electrons behave as a plasma that obeys hydrodynamic equations. The
electrons induce a plasma wave that is magnified due to reflections from the device
boundaries. These plasma waves were said to be in the THz range. A gate voltage and an

electromagnetic radiation can induce a constant drain to source current that depends on



the plasma oscillations. In general, there are three main conditions for an ionized gas to
have plasma oscillations (Ancker-Johnson, 1966; Ghosh, 2014; Maier, 2007):

1.L>» 2,
The linear dimension or the channel length L must be greater than the “Debye

length” A, that is defined as:

1 |egKsT
V2 | noq?

Ap (1.1)

Where €, is the free space permittivity, Kz is the Boltzmann constant and T is the
temperature in Kelvin, and q is the electronic charge. n, is the density of both electrons
and ions ny, = n,.n;

2. Np>1

The number of particles in a ‘Debye sphere’ (which is a sphere with radius A,) must be

very much greater than unity.
Np = ZmA3ng OR Ay > %% (1.2)

In other words, the Debye length must be greater than the interparticle distance.
3. wp,T>1

The period of typical plasma oscillation must be much smaller than the mean time
T between collisions with atoms. In other words, the mean free path of electron-electron
collisions doesn’t exceed the channel length and the mean free path of electron-phonon
and electron-impurities scattering (Dyakonov & Shur, 1993). w, is the plasma oscillation
frequency.

From the above conditions for plasmonic oscillations (condition 2), it is clear that
increasing the carrier concentrations decreases the Debye length and facilitates the
occurrence of plasma resonance. That’s why 2D surfaces are said to have better
plasmonic resonance, due to the strong coupling of the surface charges (Dyakonov &
Shur, 1993). We are using monolayers of graphene, MoS;, and BP so beside their
outstanding properties for monolayer structure, they also have better plasmonic
resonance. When the above conditions are satisfied, surface plasmons exist. They can be
localized surface plasmons that don’t propagate (localized) on the surface or propagating

surface plasmons (PSPs) that are sometimes called surface plasmons polaritons (SPPs)



that propagates on the surface. Those SPPs have electric field that decays exponentially
as we go into the dielectric substrate depth, defined by the penetration depth (Lpp),
which depends only on optical properties of both material and substrate at a given
wavelength (Jatschka et al., 2016). When materials are excited with a frequency near
their plasmon oscillations, we have to include the complex permittivity function as a
function in the angular frequency w as €(w) = €req (W) + i€jmqq(w), Where €,..4 (W)
is the real part of permittivity and €;,44(w) is the imaginary part. The complex
dielectric permittivity and refractive index are related through the equation:
i(w) = n(w) + ik(w) (1.3)

n is the real part of the refractive index and k is the extinction coefficient or the
attenuation coefficient that represent the amount of absorbed light, while n represents the
dispersion in the medium (reflection and transmission). The relation between the
refractive index and permittivity is 7i(w) = Ve(w) from which we get the relations of

the real and imaginary parts of refractive index as follows: (see the Appendix)

€real = n? —k? (1.4)
€imag = 2nk (1.5)
€rear 1
n? = r;a +§\/Er2eaz + eizmag (1.6)
eimag
= 1.7
e=— (1.7)

The absorption coefficient a defined in Beer’s law as I(x) = I,e~** where | is the
intensity of the propagating beam and I, is the initial intensity of incident wave, can be

related to the extinction coefficient through the relation (1.8) (Maier, 2007).

a(w) = (1.8)

c is the velocity of light described by ¢ = , Where p, is the free space permeability.

v Ho€
1.4.2 2D Materials Properties, and Plasmonic Oscillations

In this section, we will discuss the three mostly studied and reputable materials
that are known for their outstanding properties, which we adopted in our structure. They

are graphene, MoS;, and phosphorene.



1.4.2.1Graphene

Graphene the 2D allotrope of carbon and or the monolayer of graphite was first
synthesized by (Novoselov et al., 2004). It is considered the thinnest material known
with 0.334 nm thickness (a human hair is 50 pm). It has a large specific surface area
(~2600 m?/g), and high electron mobility (200,000 cm?/Vs) where the mobility of Si is
<1400 cm?Vs. It has a thermal conductivity of (30005000 Wm/K), extremely high
optical transparency (97.4%) and exceptional mechanical strength, besides its
biocompatibility (Urade et al., 2022). Graphene optical and electronic properties enabled
its use in electronic devices that needs fast time response, as well as photonic devices. It
has many applications in wearable devices, sensors, solar panels, DNA sequencing and

drug delivery.

Graphene has a hexagonal honeycomb structure where each carbon atom is
attached to three neighboring ones. Graphene has 4 valence electrons where 3 of them
are distributed in the hybridized SP? structure (formulated from 2S, 2P, 2Py) making a
strong sigma bond that is responsible for its mechanical strength. The fourth free
electron in P orbital forms a delocalized pi bond with the surrounding atoms in a plane
perpendicular to graphene. This free electron gives graphene its unique optoelectronic
properties (Cui et al., 2021). Graphene is a zero-band gap semiconductor, so it can’t be
utilized in electronics without modifications as it will have a bad on/off ratio. Stripping
graphene into nanoribbons or applying electric field or developing graphene
heterostructures help in opening its band gap (Han et al., 2007). The band gap scales
inversely with the nanoribbon width due to the 1D carrier confinement that occurs when

stripping graphene into nanoribbons.

Graphene surface plasmons was monitored using a near field optical microscope
(Cui et al., 2021), and it was demonstrated that the frequency and amplitude of the SPs
can be tuned through applying a gate voltage, which is the most interesting about
graphene (the optical tunability). SPs in graphene are propagating ones (SPPs) and are
concentrated near the ends of nanoribbons and they are stronger for smaller ribbon
widths (Cui et al., 2021).



1.4.2.2MoS;

MoS: has an indirect band gap of 1.3 eV in the bulk state and a 1.9 eV direct band
gap in monolayer. This band gap lies in the visible range that gives MoS. unique
photoluminescence properties to be used in many optical applications and as a biomarker
for cancer and DNA based sensors (Samy et al., 2021). MoS; has a hexagonal structure
similar to graphene which facilitates its integration with it Figure 3. Stripping MoS; into
nanoribbons extremely alters its properties. As the nanoribbon width decreases, the
density of states (DOS) increases and the bandgap decreases until it reaches zero at one-
dimensional (1D) ribbons, where metallic states are localized at the edges of the
nanoparticles (Davelou et al., 2014). This is because increasing the width, decreases the
fraction of edge metallic states (their number is constant), while the number of bulk
nonmetallic states increases with the width. This can greatly affect the optical properties
of MoS,. Time dependent density functional theory (TDDFT) was used to detect
localized plasmons at the edge of a zigzag MoS> nanoribbon (Andersen et al., 2014).
Another study for triangular MoS2 monolayer flakes showed that there is a collective
plasmon-like excitations at the edges that couple to optical field and causes significant
absorption peaks below the onset of inter-band transitions (Rossi et al., 2017). Due to the
edge metallic states, MoS behaves as a n-type semiconductor with absorption in the

THz region which only becomes significant at high carrier concentration of MoS..
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Figure 3: MoS: structure.
(a) 3D representation of MoS; layers with spacings 6.5 A (b) Side view showing different sites; (1) hollow
site, (2) top site of the S atom, (3) Mo-S bridge site, and (4) top site of the Mo atom. Reproduced from (He
& Que, 2016). Applied Materials Today (2016), Elsevier.




The absorption of MoS; occurs at high frequencies and very low absorption could
occur in the THz region by modulating the number of layers (Song et al., 2019). The low
imaginary part of permittivity Figure 4, means low extinction and absorption coefficients
as described in Equations (1.4)-(1.8). In our structure we want MoS; to act as a perfect
transmitter, while making use of its heterostructure with graphene which has a notable
effect on the carrier concentration and band gap of graphene as will be discussed later.
The effect of varying the gate voltage on MoS> was checked in (Newaz et al., 2013)
Figure 5, by applying gate voltage ranging from -50 V to 50 V, where it affects the
absorption and photoluminescence at ~1.85 eV. The behavior at low frequencies wasn’t
discussed in this research, however, our band gap calculations using DFT theory
(Quantum espresso) showed a possible decrease in the band gap of MoS, monolayer
especially at high voltages (see Appendix) which also matches the study in (Liu et al.,
2012).
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Figure 4: The real and imaginary parts of complex permittivity of MoS> with different
numbers of layers. Reproduced from (Song et al., 2019). Advanced optical materials,
20109.
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Figure 5: Monolayer MoS; Photoluminescence, absorption, and Differential
reflectivity (R) spectra (a) Photoluminescence and absorption spectra in monolayer
MoS,, (b) Differential reflectivity (R) spectra. Reproduced from (Newaz et al., 2013).
Solid State Communications 2013, Elsevier.

1.4.2.3 Phosphorene

Black phosphorous (BP) has gained popularity as a graphene substitute due to its
favorable properties, including an electron mobility up to 1000 cm?/V.s and a hole
mobility up to 10,000 cm?/V.s in monolayer, an excellent ON-OFF current ratio up to
10%, and potential biocompatibility (Anju et al., 2019). It is the most stable allotrope of
phosphorous. Its band gap changes from 0.3 eV in bulk (multilayer) to 1.9 eV in
monolayer which is known as Phosphorene. Like graphene, its band gap can be modified
through applying electric field. BP exhibits high anisotropy where its optical
conductivity varies according to the direction of light propagation whether zigzag or

armchair Figure 6.
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Figure 6: Black phosphorus structure. Adapted from (Mu et al., 2019). Materials Today
Physics, Elsevier 2019

1.4.2.4 Hexagonal Boron Nitride h-BN

Hexagonal Boron Nitride (h-BN) is a wide indirect bandgap semiconductor
(considered as an insulator) with a fundamental gap ranging of 4.9 +1eV. It has a
hexagonal honey comb structure resembling that of graphene that facilitates its
integration with its (Cassabois et al., 2016; Satawara et al., 2021). The large band gap
makes it a good absorber in the Ultra-violet (UV) frequency range with no absorption in
the visible and the THz spectrum. Its good electronic, optical properties and stability
facilitate its use in electronic devices. Its hexagonal crystalline shape enables its
integration with other 2D materials like graphene, MoS;, and phosphorene. h-BN is a
promising insulator and coating for 2D devices. h-BN is known to have a phonon
polarization with dispersion characteristics similar to graphene, this phonon polarization
is called hyperbolic phonon polarization (HP2). In graphene/h-BN a kind of
hybridization occurs between HP2 in h-BN and the surface plasmons (SP2) in graphene
known as SP3 resulting in a longer propagation length than SP2 in graphene (Cui et al.,
2021), where the propagation length is the distance travelled by the SPPs before its

intensity decay by a factor of 1/q where q is the electronic charge.
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Figure 7: Hexagonal Boron Nitride (h-BN) structure

(@) Few layers; (b) Top and side views (Molaei et al., 2021; Satawara et al., 2021). Adapted from Materials today
and Applied electronic materials, Elsevier, ACS 2021.

1.4.3 MoS2/Graphene Heterostructures

MoS: and graphene heterostructures were intensively studied in previous work
(Halim et al., 2022; Mufioz et al., 2022; Pham et al., 2019; Pierucci et al., 2016; Yu et
al., 2020). Since graphene has no dangling bonds or impurities, it can make an abrupt
interface with MoS, with approximately no depletion region. The band alignment of
monolayer MoS./graphene was studied in (Pierucci et al., 2016), where charge transfer
from MoS; to graphene was not obvious, but possible charge transfer can’t be neglected.
The work estimated no depletion region between the two structures and deduced a band
alignment between monolayers of MoS; and graphene without band bending as in Figure
8 (obtained from X-ray photoemission spectroscopy (XPS) measurement), where MoS;
behaves as an n-type semiconductor and the = bands of graphene exhibited an n-doped
concentration of 9 x 102cm™2. Minibands in graphene were observed at higher binding
energies. The experimental work in Gupta et al. (2022), showed that monolayer
MoS./graphene (where MoS; was placed over graphene) Van der Waals heterostructure
induced surface electronic properties and electron transfer, in addition to increased
photogenerated carriers. When biasing MoS: (n-type) with positive voltage, possible

charge transfer occurs passing to graphene. However, for monolayer graphene on
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monolayer MoS,, there was no hybridization in the electronic states of graphene and
MoS>. The graphene structure does not change (Jin et al., 2015).
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Figure 8: Band gap alignment of graphene and MoS; heterostructure. Reproduced from
(Pierucci et al., 2016). ACS publications 2016.

1.4.4 In-Plane Graphene/Phosphorene Heterostructure

The tiny lattice mismatch of the armchair direction between graphene and
phosphorene facilitates their in-plane heterostructure integration which result in an
atomically sharp in-plane interface. The interlayer coupling can strongly influence the
electronic properties. The band gap between the 2 interfaces can be detected through the
differences in the on-site energies of two edges, and the hopping parameters for the intra-
and inter-edge transitions, which are influenced by the hybridization of the o bonds
electronic states at the interface. As calculated in (Tian et al., 2015), the energy barrier at
the interface blocks graphene electrons from migrating into phosphorene. The study also
showed that a graphene/phosphorene/graphene structure results in tunnelling
characteristics between graphene and phosphorene. The graphene and phosphorene are
connected through strong chemical bond with length 1.86 A, which is within that of C—C
(1.42 A) and P-P (2.17 A) bonds. The work also illustrated that a vertical electric field
effectively reduces the band gaps of the heterostructure and results in a semiconductor-

to-metal transition.
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Figure 9: In plane Monolayer phosphorene/ graphene heterostructure.
(@) Top view; (b) Side view of a lateral phosphorene/graphene heterostructure; (c) The energy band diagram of the
heterostructure interface, with Phosphorene on the right and graphene on the left. Wm is the work function of
graphene, y is the electron affinity phosphorene, ¢5y The Schottky barrier for the electron flow. Reproduced from
(Tian et al., 2015). Published by Royal Society of chemistry 2015.

1.4.5 Opening the Band Gap of Graphene

Graphene is a zero-band gap material which hinders its integration in electronic
applications due to its low on/off ratio. Several techniques are used to open (increase) the
band gap of graphene like developing graphene heterostructures or stripping it into
nanoribbons or applying a vertical electric field. Both MoS> and graphene have
hexagonal structure which facilitates their vertical heterostructure formulation. The
experimental work in Pierucci et al. (2016) showed the formation of minigaps in
graphene when MoS; is stacked over it. As discussed earlier, the authors attributed these
band gaps due to the hybridization between the 7 band in graphene with the out of plane

orbital in MoS». They confirmed no significant interaction between graphene and MoS>
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interfaces with a possible charge transfer from MoS; to graphene. The angle of rotation
between graphene and MoS, was shown to affect the band gap formulation in some
studies and doesn’t affect it in studies conducted by (Lin et al., 2023). It is to be noted
that such band gap modulation wasn’t found in graphene/MoS; structure (Jin et al.,
2015).

Stripping graphene into nanoribbons induces a band gap, where the band gap
increases with decreasing the width of the nanoribbons. The graphene orientation
whether zigzag or armchair and the chemical termination affect the band gap scaling
(Son et al., 2006). The work in Son et al. (2006) stated that graphene edges play an

important role in the band gap opening For the zigzag edges, the band gap A can be

9.33

estimated based on the nanoribbon width from A = where W is the nanoribbon

Y74 5

width in A. For a width of 90 nm (900 A% A =10 meV which is in the THz energy
range based on E = hv . The experimental work in (Han et al., 2007) shows the band
gap is less than 40 meV for widths from 20 nm to 90 nm . For widths > 90 nm we have
band gaps down to 1 meV Figure 10. The band gap can then be swept to larger values by

applying a gate voltage or an electric field on the nanoribbons.

1.4.6 Hall and Edge Effects

When a magnetic field is perpendicular to an electric current passing in a
conductor, it causes the charges (electrons) to deflect to the edges of the conductor, away
from the magnetic field, producing a potential difference across the conductor, this is
known as the Hall effect that was named after Edwin Hall in 1879. A similar case is
when we have a sea of electrons (plasma) on the surface of a monolayer-nanoribbon
material (conductor), the plasmons deflect to the edges under the effect of magnetic
field. The edge states could play a crucial role in the plasmonic oscillations especially for
materials that are known for their chirality like BP, graphene and even MoS,. The study
in Davelou et al. (2014) showed metallic edge states for MoS> nanoribbon under no
external effect. The Density of states (DOS) at the edges increase as the nanoribbon
width decreases. We have a 1D conducting states at the edge of 2D semiconductor
(Bollinger et al., 2001). MoS; could have a zigzag (ZZ) or armchair (AC) edge where

the ZZ direction was detected to have higher metallic states Figure 1la ;
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(Thongrattanasiri et al., 2012; Xu et al., 2016). Graphene edges are also ZZ or AC,
where in case of ZZ edges the plasmons at the edges can widen through the nanoribbon
width Figure 11b. Phosphorene is highly anisotropic and have different characteristics in
the ZZ and AC directions, with different effective electron masses in each direction, as
will be discussed later in detail. The Hall effect in nanoscale monolayers open a big
research field related to quantum and spin effects. Although we are not going to consider
the magnetic effect in our calculations, we can’t neglect its presence. As will be seen in
the results section, the electric field is always concentrated at the edges of the

nanoribbons with the highest electric field values at the edges.
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Figure 10: Eg versus the nanoribbon width for different devices with different

orientations (Han et al., 2007)
Device P1-P4 have many ribbons of different widths set in parallel, and devices D1 and D2 have ribbons of the
same width and different angles in between. Adapted from Physical Review letters 2007.
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Figure 11: The edge structure for MoS> and graphene edges.
(a) MoS; flake with different edge orientations Adapted from (Tinoco et al., 2019). Nature 2019; (b) The AC and
ZZ edges of graphene nanoribbons, having the same resonance frequency but wider plasmon width in case of ZZ
(Thongrattanasiri et al., 2012). Adapted from ACS Nano, 2012.

1.4.7 Two-Dimensional (2D) Materials Synthesis

Synthesizing 2D materials is an important aspect that can’t be neglected when
talking about 2D materials, since the easiness of their synthesis is one of the main
advantages that directed research towards them. There are two main approaches for 2D
material synthesis. Figure 12: The top-down approach and the bottom-up approach. In
top-down approaches, external forces are applied to break the weak van der Waals forces
in between the planes or layers of a bulk material without affecting the strong covalent

bonds between atoms of a single layer (Yang et al, 2022).

Although this method is easy, simple and, doesn’t require much technology, you
can’t control the exact number of layers you want, especially for a large area. This
technique includes mechanical exfoliation using scotch tape, which is the easiest one,

and chemical liquid exfoliation. The latter includes submerging the bulk material in a
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solvent typically N-Methyl pyrrolidone (NMP) and dimethyl formamide (DMF) then put
to sonication that will break the inter-planar van de Walls bonding. This results in well

ultra-thin nanosheets (Samy et al., 2021).

2D material Synthesis

oliatio Physical vapour deposition (PVD)

Chemical layer deposition (CVD)

Atomic layer deposition (ALD)
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Figure 12: 2D materials synthesizing techniques.

The bottom-up approach depends on growing thin layers over a substrate.
Deposition is a bottom-up technique where a thin layer of the material is grown over a
substrate, and it could be achieved physically or chemically or through atomic
deposition. Physical layer deposition (PVD) includes ion implantation like molecular
beam epitaxy (MBE). It can produce thin-film coating of pure metals, metallic alloys and
ceramics with a thickness usually in the range 1 to 10um. In atomic layer deposition
(ALD), pulses of precursors are used alternately, each pulse is separated by an inert
gas to prevent gas reactions. ALD is an efficient technique, that produces layers with few
impurities and uniform structure which are ready to be used in different applications, like
electronics and sensors. The idea of chemical vapor deposition (CVD) is passing a gas
over a solid material to obtain a sediment through a chemical reaction. The reactants are
put in a gaseous state, where they react through chemical reactions forming solid objects
that are then deposited over a substrate. Sol-gel is a chemical solution technique that uses

a chemical solution (sol) to produce particles connected together (gel). The starting and
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the host material are mixed through stirring, shaking or sonication, to form a gel. After
that, filtration, sedimentation and centrifugation are done to recover the nanoparticles
(Naikoo et al., 2022). Hydrothermal and solvothermal syntheses are also wet chemical
synthesis methods, in which materials are dissolved is an aqueous solution then in an
organic solvent under high temperature and pressure. The strength of these two methods
lies in the controllability of the surface morphology, and the crystallite size, however, it
may require few days, besides the high temperature and pressure could affect the used
equipment. In general, bottom-up techniques are useful for synthesizing monolayers but
with defects, and CVD is considered to produce a relatively high-quality 2D films at low
pressure, with the ability to extend the film size. The synthesis of 2D materials like
graphene, BP, and MoS», which are the focus of our study is presented in Figure 12
(Garg et al., 2014; Korotcenkov, 2019; Samy et al., 2021; Samy & El Moutaouakil,
2021). Mechanical and thermal exfoliation of graphite are two major techniques for
graphene synthesis but their yield is quite low, besides centrifugation is used to
eliminate unexfoliated material (Cai et al., 2012). For large growth and better number of
layer control CVD is used. In Liao et al. (2013), hexamethyldisilazane (HMDS) on a
SiO/Si substrate is used as a carbon source and the thermally evaporated alternating
Ni/Cu/Ni layers are used as a catalyst. Although the graphene layer covered the entire
substrate, we have single to tri-layer mixed growth. Mechanical and electrochemical
exfoliations were used to obtain thin films (~ 1 layer) and thick film BP in (Dhanabalan
et al., 2017; Erande et al., 2016) respectively. The developed layers in (Erande et al.,
2016) were checked for field effect transistors, where they have a hole mobility of
~7.3cm?/(V s) and current ON/OFF ratio of ~10% . The sensors devices are more
sensitive to water vapors and UV light. The grown layers have non-uniform thicknesses,
with the majority of layer sizes in the range of 1.4 to 10 nm (3-15 layers). In Smith et al.
(2016), researchers were able to obtain large scale (about >3 pm?) BP from red
phosphorous (which is quite cheaper than BP), with nearly 4 number of layers that can
be optimized to a larger scale or less number of layers. By using pulsed layer deposition
and BP as a target material we could obtain layer thicknesses ranging from 2 to 8 nm.
The method is used to develop a P-type FET with moderate on/off current ratio up to 102
and high field-effect mobility up to 14 cm? V! s? (Yang et al., 2015). Acoustic
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cavitation was used for exfoliation of MoS> which resulted in less defective, large 2D
nanosheets and 1D nanotubes (Han et al., 2015). A hydrothermal process was able to
obtain a single layer of MoS; as a stable 2D Metallic-phase MoS; (M-MoS;) nanosheets
in water (Geng et al., 2016). It is highly stable in water and super active for the hydrogen
evolution reaction, with a current density of 10 mA cm2 at a low potential of -175 mV.
A thin film of MoS; was grown using CVD with a liquid precursor made by dissolving
Mo(CO)s in (CH3).S2 where a separate water bubbler is installed to remove the carbon
impurities (Choi et al., 2017). Increasing the coverage of MoS: could be achieved by
simply increasing the growth time. In Kim et al. (2016), a combination of CVD and
ALD was used to obtain a thin film of MoS: on a large scale. The carrier density of the
MoS: nanosheets was controlled through the thickness of the promoter layers, which

allows the control of the conductivity of MoS..

1.4.8 Previous THz Absorbers

THz perfect absorber is the focus of recent researches due to its wide applications
in sensors, filters, switchers, scanners, energy harvesting, electromagnetic shielding and
refractive index sensing (Fan et al., 2021; Viji & Anujan, 2023; Zheng et al., 2021).
Narrowband (monochromatic), or multiband, or wideband each has its specific
application (Cheng et al.,, 2016, 2021; El Moutaouakil et al., 2011; Hijazi &
Moutaouakil, 2019; Moutaouakil et al., 2009; Moutaouakil, Komori, et al., 2010;
Moutaouakil, Suemitsu, et al., 2010; Moutaouakil et al., 2012; Moutaouakil, 2018;
Moutaouakil et al., 2020). Perfect absorbers or metamaterial absorbers are characterized
by their high absorptivity that could reach 99.9% and are made of more than one material
designed in such a way to achieve the highest absorption and the least reflection. They
are known for their low cost, high absorptivity, and light weight. Metamaterial absorbers
are based on compounds combined with noble metals like gold or silver used as a ground
base to achieve high absorptance (Samy et al., 2023). The metallic ground should have a
thickness larger than the skin depth to achieve zero transmission while assuring zero
reflection by matching the impedance of the structure with the free space impedance
(Choi et al., 2017). The basic structure of a metamaterial absorber consists of three
layers. A metallic ground with a dielectric substrate on top and a resonator on top of the

substrate. The asymmetric absorber based on square rings of Au and SisNs has
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absorptivity more than 90% (Gong et al., 2016) and a broadband absorption from 4.76 to
5.15 THz. IlI-V semiconductors are used with gold to achieve perfect metasurface
absorber (MSA). A narrow-band perfect absorber based on micro-ring-shaped structure
GaAs array and a gold base was proposed in (Cheng et al., 2023). The absorber has ~
99.9% at 2.213 THz that can be shifted by varying the structure dimensions. InAs
nanowires grown over Silicon and covered with gold was able to achieve a maximum
absorption of 60% in the infrared range (Kim et al., 2021).

Using the circuit model and the transmission line circuit theory, an Ultra-
broadband absorber based on periodic arrays of graphene ribbons has absorptivity of
70% and bandwidth of 5.8 THz (Mohsen Daraei et al., 2020). The bandwidth can be
tuned by varying the chemical potential of graphene. Another design based on a frustum-
shaped structure of graphene nanoribbons (GNRs), SiO2, Au achieved over 90%
absorptivity between 0.6 THz and 1.2 THz and near 99% absorptivity between 0.72 THz
and 0.9 THz (Dhriti et al., 2022). The absorptance bandwidth can be modulated by
varying the spacer thickness of SiO2. A narrow band absorber based on graphene layers
and gold has a near unity absorptance at 9.8 THz (Chen et al., 2017). The absorptance
frequency can be shifted from 6 to 14 THz by varying the chemical potential of graphene
while maintaining absorptance larger than 90%.

Black Phosphorous (BP) absorptance is studied in (Xiao et al., 2019) through
BP/dielectric layer stacking on gold where the absorption was about 70% at 1 THz.
Increasing the carrier concentration through varying the Fermi level causes a blue shift of
the absorption frequency with a decrease in absorptance, that goes below 20%. Another
design by Wang & Jiang, (2019) based on stacks of BP on gold has absorptivity greater
than 90% for a wide band of 6.2 THz (from 3.2 to 9.6 THz) and a narrower bandwidth
with absorptivity below 70% that can be tuned through varying the angle of incidence
from 0° to 70° in the range of frequencies from 6 to 8 THz. The transmission line model
was proposed in Maffucci & Miano, (2013) and Wen et al. (2009) to interpret the
absorptivity of metamaterial absorbers. After that, the transmission line circuit theory
was used to design perfect absorbers like that proposed for graphene in (Arsanjani et al.,
2019; Khavasi, 2015a; Xu et al., 2013) where the Drude model was adopted for graphene

nanoribbons and a RLC circuit is used to represent the nanoribbon impedance. Since

21



selective frequency or narrowband absorbers in the THz range didn’t get much attention,
they are the focus of this work. Besides, most of the presented work has complex
metamaterial design, that results in high-cost fabrication techniques, in addition to the
inclusion of gold and other materials that are used to decrease the reflectivity and attain
the high absorptivity. Those metamaterial absorbers’ dimensions are mostly in the um
range, and their high absorptivity is limited to a specific bandwidth (Cheng et al., 2023).
This work proposes a selective absorber with more than 90% absorptivity through most
of the THz spectrum (1.3 THz -10 THz). The bandwidth ranges from 0.9 THz to 1.3 THz
which is relatively small when compared to the previous absorbers and could serve as a
basis for narrowband absorbers that are required in sensing and enhancement of the
electric and magnetic field (Farooq et al., 2022; Luo et al., 2016; Wu et al., 2017; Yong
etal., 2016).
Table 1: 2D materials Synthesizing Techniques

Material
Ref. . Method Advantages Challenges
Synthesized
) ) High quality, .
(Caietal., Mechanical Poor yield
Graphene o Low-cost, )
2012) Exfoliation . . Not for industry
Time saving.
Commercial, ]
) ) ) Transfer of graphene films to
(Liao et al., High quality,
Graphene CVvD the substrate causes
2013) Low cost, )
) ) deformation
Time saving.
Non-uniform number of
(Dhanabalan et BP Mechanical Low-cost, layers across the sample,
al., 2017) exfoliation Time saving. Can’t control the exact
number of layers
) Enhance characteristics for
Few layer nanosheet thick ) )
fil field effect transistors
ilm
(Erande et al., Electrochemical ) o mobility of ~7.3 cm?/ (V' s)
BP o was used in humidity sensor, )
2016) exfoliation d and current ON/OFF ratio of
an
~10*
FETs. o
Enhance the sensitivity of the
developed sensors

22




Table 1: 2D materials Synthesizing Techniques (continued)

Material

Ref. . Method Advantages - Challenges
Synthesized
- Increase the area of
) Used red phosphorous,
(Smith et al., growth
BP CVvD Large area >3 pum? )
2016) - Obtain less number
about 4 layers.
of layers
Obtained thickness 2 to 8 - Used bulk BP as a
(Yangetal., Bp Pulsed layer nm. target (expensive)
2015) deposition Used to develop a P-type - Enhance the FET
FET. characteristics
Liquid exfoliation )
(Hanetal., ) ] less defective, large 2D
MoS; using Ultrasonic N/A
2015) o nanosheets or 1D nanotubes
cavitation
(Kimetal., Controlling the conductivity
MoS; ALD & CVD Complex methodology
2016) of MoS;
Pure and stable M-MoS, Metallic phase MoS; has to
(Geng et al., ) ) )
2016) MoS; Hydrothermal stable in water, super active | be  studied for  more
for HER. applications
] full-coverage of MoS; film
(Choi et al., - Complex set up
MoS; CVvD for large area ] -
2017) - Have impurities

used liquid precursor
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Chapter 2 : Methods

2.1 Theoretical Approach

This work aims to investigate some of the properties of graphene, phosphorene,
and MoSz, mainly their absorption under THz excitation. According to their properties,
we propose a structure with high absorptivity and simple design. We have to identify the
refractive index of these materials in case of THz frequency excitation. As discussed in
Chapter 1, Equations (1.4)-(1.8), the electric permittivity is directly related to the
refractive index (n) and the extinction coefficient (x). In this case, we are talking about a
complex permittivity e(w) that has real and imaginary parts and depends on the angular
frequency of the incident wave w. The equation of the complex permittivity is also
related to the optical conductivity o of materials. In the next sections, we are going to
discuss the optical permittivity and conductivity of the materials used in our structure.
There are two main transitions that affect the optical conductivity of a semiconductor
material; the intra-band transitions which occur in the same energy band and inter-band
transitions that occur between two different energy bands. The band gap of the material
and the nature of the incident wave determines the kind of transitions that occurs in the

material.

2.1.1 The Dielectric Function of Plasma (Free Electron Gas)

The electromagnetic response of materials can be described through the
macroscopic Maxwell Equations (2.1)-(2.4). When dealing with continuous media, such
as materials composed of a vast number of atoms or molecules, the behavior of
individual particles doesn’t fully describe the electromagnetic properties of the whole
material. Instead, we need a macroscopic description that takes into account the
collective behavior of these particles (plasma). One more advantage of using Maxwell’s
equations is it can be easily simulated using the finite element method (FEM). The
plasma oscillations (sea of electrons on the surface) in 2D materials like graphene, MoSy,
and phosphorene govern the frequency response of these materials, that’s why we

needn’t take into account the interactions between carriers in each atom.
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V.D = pext (21)

V.B=0 (2.2)
0B
VXE =— ET (2.3)
aD
VxXH :]ext+g (2.4)

where D is the dielectric displacement, E is the electric field, H is the magnetic field, and
B is the magnetic flux density, p.,; IS the external charge and J,,.is the external current
density. Equations (2.5), and (2.6) relate the four macroscopic fields E,D,H,and B
through the polarization P and magnetization M. In our study, we will not consider the
magnetic effects and we don’t have a magnetic source, so we will neglect the effect M

and only Equation (2.5) is considered.

D=¢€,E+P (2.5)
1

H=—B-M
Ho (2.6)

where €,1s the vacuum electric permittivity, taken as 8.854 X 10—12 F/m, and P is the
electric dipole moment per unit volume inside the material, caused by the alignment of
microscopic dipoles with the electric field. The current density J and the electric dipole

moment per unit volume inside the material (P) are related through:

__ 0P

/=% 2.7)
t is the time in seconds. Indeed, a proper definition of P makes Maxwell’s equations
safely applied in plasmonics (Solis et al., 2015; Mansuripur & Zakharian, 2009). The
above assumption of polarization P assumed that w >> w,, which is the natural frequency
of a free oscillation of the electron sea or plasma. When the excitation frequency w is
comparable to w,, or w > w,, intrer-band transitions occur, and the previous model needs
to be modified. In this case, the response is dominated by free s electrons where the
filled d band close to the Fermi surface causes an increase in polarization and a
polarization P needs an additional term P,,. This extra polarization that is due to the

positive background of the ion cores, can be described as
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P, =€,(€, —1)E (2.8)
And in this case, Equation (2.5) is re-written as:

D=¢,E+P+P, (2.9)
Which will transform to (2.10) after substituting (2.8) in (2.9)

D =¢€,e,E+P (2.10)
€. IS the dielectric constant or relative permittivity when w — co or when w is well
above w,, (Matthaiakakis et al., 2016; Maier, 2007). Since the optical response depends
on frequency, we have to account for both time and space through the following
equations

D(K,w) = €,6(K,w)E (K, w) (2.11)
J(K,w) =0(K,w)E(K,w) (2.12)

where K is the wave vector. Also, the current density in (2.7) can also be represented in
the frequency (Fourier) domain as

J(K,w) = —iwP(K, w) (2.13)

Substituting (2.10) in (2.11) and (2.12) in (2.13) we get (2.14), and (2.15) that are easily

transformed to (2.16) and (2.17) respectively as follows:

€,€E(K,w) + P(K,w) = €,6(K, w)E(K, w) (2.14)
—iwP (K, w) = 0(K,w)E(K, w) (2.15)
P(K,w) = €,6(K,w)E(K,w) — €,€,E(K, w) = €,E(K, w)(e(K,w) =€) (2.16)

o(K,w)E(K,w)
—lw

P(K,w) =

(2.17)

By dividing (2.17)/(2.16) to get a relation between e(K, w) and o (K, w) as in (2.20)

. _0(K,w)E(K, w) 1

—iw % €, E(K, w)(e(K,w) — €) (2.18)

Simplifying (2.18) we get
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o(K,w)

(K, w) — €5, = — (2.19)
—iwe,
Then we have the complex permittivity equation as:
ioc(K,w
€(K,w) = €4 + M (2.20)
€,

The dielectric response e(K, w) can be represented by a spatially local response where
e(K, w) = e(w). This model is valid as long as the incident wave have a wavelength A
longer than the size of the unit cell or the mean free path of the electrons, then we can
write the permittivity equation as:

ioc(w)
€, (2.21)

e(w) =€, +

Where €., can be substituted by €,, the background or the static permittivity of the
material as in (Matthaiakakis et al., 2016; Chi Kao, 2004).

2.1.2 Intra-band and Inter-band Transitions

The dielectric function e(w) of a plasma, is described through a plasma model
where a gas of free electrons of number density N moves against a fixed background of
positive ion cores. There are two approaches according to the kind of plasma transitions.
The first one is when we have transitions in the same band only (intra-band transitions)
and the second one is when we have a dominating band to band transitions (inter-band
transitions). A simple equation of motion can describe the motion of an electron in the
plasma with mass m and under the effect of external electric field E. In case of intra-

band transitions the equation has the form (2.22).

. m*x
m*x +
T

= —qk 2.22)

This is known as Drude model of the free electron gas, where X is the displacement of
the electron with respect to its rest position (x and i represent the first and second time
derivatives, respectively), q is the electronic charge taken as 1.6 x 1071° C, m* is its

effective optical mass, and  is the relaxation time of the free electron gas in seconds.
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Solving the above differential equation and after some substitutions we get an equation
of e(w) (Maier, 2007), which is similar to Equation (2.21), from which we get the
optical conductivity o defined as:
B iq N
T (@t it (2.23)

Where and N is the number density of the free electron gas. Equation (2.23) represents

the Drude model optical conductivity that we will use later in our model.

In case of higher frequencies, inter-band transitions take place, where we have

transitions from lower bands to the conduction band, Drude model is no longer sufficient

and the equation of motion has to be modified, where the inter-band transitions are

described using the classical view of a bounded electron with resonance frequency w,,
m*x

m*x + — + m*w2x = —qE (2.24)

To solve the above equation for ¢(w), we need to solve several of these equations, each
equation yielding a separate polarization that translates into a Lorentz-oscillator term as
in (2.25) and this term is to be added to the e(w) equation of the Drude model in (2.21).

A;
Wi — w? +jyiw (2.25)

where w,; and y; are the plasma and the damping frequencies for the bound electrons,
and A; is a parameter that weights the contribution of the i-th inter-band transition to the
dielectric function. Sometimes solving the Lorentz term could be a little complicated and
we use other formulas to reach a solution like in case of Kubo formula that is used to

solve for the optical conductivity of graphene.

2.1.3 Optical Conductivity of Graphene (Kubo Formula)

Graphene is a zero-band gap material that is mainly managed by intra-band
transitions (Popov et al., 2010a). However, the proposed case in this study is different,
since the band gap of graphene is opened by different means like stripping it into
nanoribbons and applying a vertical gate voltage, beside using a heterostructure with
MoSz. All these factors affects the band gap of graphene and opens a small band gap
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which requires including inter-band transitions (Han et al., 2007), besides the inter-band
transitions could not be neglected at low chemical potential in the THz range (Wang et
al., 2020). The complex optical conductivity of graphene including both intra-band and
inter-band transitions is represented by the Kubo formula represented by the Equations
(2.26), and (2.27) (Hanson, 2008; Gollapalli et al., 2022).

2

q
mh?(w + i1~

__Hc_
Ointra(@) = iy X (uc + 2KpT X In (e K6To 41 )) (2.26)

q* . 2lp] —i(w+it™h)

. =i |
Ointer (@) Yamn " 2|uc] + h(w + it 1)

(2.27)

O-total(w) = Ointra ((1)) + O-inter(w) (228)

The total conductivity is calculated as the sum of inter-band and intra-band conductivity.
h is the reduced Planck’s constant (h/2m), w is the angular frequency, K is Boltzmann
constant, T is the temperature in Kelvin, u. is the chemical potential, and t is the

momentum relaxation time, defined as

He = hvp ftng (2.29)
T = Hcmy,
ey, v? (2.30)

and vy is the Fermi velocity taken as 10° m/s, m,, is the impurity-limited direct current
mobility taken as 1m?.s/V, and n, is the carrier concentration of graphene and is
defined by a simple capacitor model as:

quo €r—sub

97 T qdoy (2.31)

Where €,_g,; IS the relative substrate permittivity, and dg,,; is the substrate thickness,
and V; is the vertical applied voltage. In case of a heterostructure of graphene and MoS,

we adopt a capacitor model for the charge concentration of graphene (2.32)
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Ve
— g-o
g . (dMos2 N dGr) (2.32)

€mos, €cr

Where d),s,, dg, are the monolayer MoS; and graphene thicknesses taken as 0.65 nm
and 0.34 nm respectively and €y,s,, €, are the static relative permittivities of MoS: and

graphene taken as 3.7 and 5.6 respectively.

2.1.4 Optical Conductivity of MoS; and Phosphorene (Drude Model)

Monolayer MoS; has a wide band gap of 1.9 eV with respect to THz waves
(maximum energy ~ 40 meV) that makes it hard for inter-band transitions to occur for
such frequencies. Inter-band transitions occur when the incident field is in the visible
spectrum region or higher frequencies (Dou et al., 2014; Li et al., 2016; Tao et al., 2019).
In the THz range monolayer MoS; is dominated by the intra-band transitions that is
represented by the Drude model (2.23), we modify it here for MoS; as (2.33)

;2
Lq " NMpyos,

Mo, (@ +iT71)

O-MOSZ =

(2.33)

Where ny,s, = 1.2 X 102 ¢cm™2 is the carrier concentration of undoped (intrinsic)
monolayer MoS; and my,,s, = 0.53 X m, is the effective mass of MoS;, m, is the
electron mass taken as 9.1 x 10731Kg, t =0.17 x 1072 s is the carrier relaxation time
(Chen et al., 2016; Dagan et al., 2019). The complex permittivity of MoSz (ey,s,) 1S
then calculated according to equation

lO—MOSz

!

€Mmos, = €Emos, T————
2 2

fodeosz

= €rear T ieimag (2.34)

€reqr ANA €4, are the real and imaginary parts of MoS; permittivity as defined in

chapter 1 in Equations (1.4), and (1.5). The refractive index can then be extracted as in
Equations (1.6), and (1.7).
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Figure 13: The real part of optical conductivity of BP in the AC direction in case of
doped and undoped BP (Biswas et al., 2021). Reproduced with permission. Science
advances 2021.

The optical conductivity of phosphorene can also be represented by the Drude
model like MoS,, since for THz frequencies, only intra-band transitions are the
dominating ones(Biswas et al., 2021; Phuong et al., 2020; Zhou et al., 2018) and inter-
band transitions are taken into account in some specific cases like when considering the
spin-splitting effects which is not considered in our study. The inter-band and intra-band
transitions of BP were compared in Biswas et al. (2021) using the Kubo formula and the
result showed the domination of the intra-band transitions in the THz range Figure 13.
Below the wave number 3000 cm ™! which is equivalent to frequencies less than 14 THz,
intra-band is dominating inter-band transitions for undoped BP which is our case. In
contrast to MoSz, Phosphorene is highly anisotropic and is greatly affected by a vertical
applied electric field. The optical conductivity of MLBP oy, is represented according to
the Drude model as:

(D

OB = (0 +) (2.35)

ogp IS the optical conductivity of MLBP, D is the Drude weight in the armchair (AC) or
zigzag (ZZ) direction, and n (eV) is a parameter related to the scattering rate and is taken
as 10 meV in almost all previous literatures (Phuong et al., 2020; Biswas et al., 2021;
Zhou et al., 2018). In case of MLBP the Drude weight (D) can’t be considered as a
constant value like MoS; because the carrier concentration is greatly affected by the

vertical applied voltage.
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D= 7Tclz*",élc/zz (2.36)
Myc/zz '
Where nyc/z; and myc,;; are the carrier concentration and the effective mass of
phosphorene in the armchair (AC) or zigzag (ZZ) directions respectively. The carrier
concentration in MLBP is calculated according to (2.37)

K;T UBp
Nacjzz = mZC/ZZ ﬁ In (1 + eKBT) (2.37)

dgp and ugp are the phosphorene thickness and chemical potential, respectively. The
effective mass is taken as 0.15x m,. Previous literature showed that the armchair
direction has the lowest effective mass, usually taken as 0.15x m, (Debu et al., 2018;
Qiao et al., 2014), but the band gap calculations in Cao et al. (2016), showed that a
critical electric field can reverse the situation, where the zigzag direction is the one with
the lowest effective mass Figure 14a. In MLBP we are in front of two interesting
phenomena, and both are related to applying a vertical electric field. The first one is
related to the anisotropy of BP and how the vertical electric field causes a kind of stress
and deformation in the band gap structure and reverses the direction of lower effective
mass (Cao et al., 2016) Figure 14a. So, BP is not only anisotropic when excited with an
in-plane electric field (whether in the AC or the ZZ directions) but also a vertical electric
field affects its conductivity. The second phenomena is the change of the band gap from
a semiconductor to a Dirac semi-metal and finally an inverted (negative band gap)
(where electrons are free to move from the valence band (VB) to the conduction band
(CB)) (Kim et al., 2015; Lin et al., 2016). The puckered structure of MLBP uncovers
some interesting properties. Its band structure has one valence band maximum (VBM)
and two conduction band minimum (CBM1 and CBM2). The electron effective mass
(EEM) in the ZZ direction is greater than the AC for CBM1 and vice versa for CBM2. A
vertical electric field can also change the EEM. The study in (Cao et al., 2016) Figure
14b, ¢, and d showed how the conduction bands structure is changed under the effect of a
vertical electric field that results in a complete reverse for the EEM to where the ZZ
direction becomes the one with the least effective mass taken as 0.15 X m,. So, BP is not
only highly anisotropic by its nature, but also this anisotropy is affected by the electric
field.
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Figure 14: The effect of applying a vertical electric field on monolayer BP

(@) The effective mass versus the electric field (V/m); (b), (c), (d) The band gap (E-Ef) at different electric field
values 0.1, 0.3, 0.5 V/nm, showing the variations in CBM1 and CBM2. Adapted from (Cao et al., 2016).
Computational Materials Science, Elsevier 2016.

The second interesting property is the change of BP from a semiconductor to a
Dirac semi-metal or to a material with a negative band gap (inverted band gap) under the
effect of electric field. Two approaches discussed the band gap changes that happens to
BP, one of them included the effect of an external vertical field (electrical doping) and
the other presented a chemical doping (donor atoms), and both of them reached the same
findings which is the decrease in the band gap of BP until it reaches zero then increases
again in the form of a negative or inverted band gap. The research in (Lin et al., 2016)
discussed the three material states for a four layer BP in details and related it to the
vertical applied electric field and the carrier concentration Figure 15. When applying an
electric field, the Fermi level shifts up and the conduction band shifts down, while the
motion of the valence band (E,,) is nearly negligible Figure 15c, d, and e. The fermi
level (E;) keeps shifting up while the conduction band (E.;) shifts down until BP

reaches a zero-band gap (E,; = 0) and then inversion occurs. The approach in (Lin et al.,

2016), assumes the motion of the Fermi level upwards crossing the conduction band as
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the inversion occurs. The same issue was discussed in Cao et al. (2016), stating that an
electric field >0.45 V/nm (~0.32 V for monolayer thickness of 0.7 nm) can decrease the
band gap and that at an electric field of 0.8 VV/nm, the material changes to a semi-metal
and at an electric field > 0.8 V/nm the band inversion occurs. The approach by Kim et
al. (2015), manifests that this band gap variation occurs whether through chemical
doping by adding donor atoms like potassium or electrical doping (applied negative
voltage). The doping affects the bandgap on both the ZZ and the AC directions with a
linear band dispersion in the AC direction and a quadratic dispersion in the ZZ Figure
16¢. At very low doping level, the overall band structure shifts down, the conduction
band minimum (T;) and the valence band maximum ([,f) also shifts down with no
significant change in the band gap. When increasing the doping (vertical electric field)
below the critical value, the band gap decreases, the band calculations assumes that the
Fermi level doesn’t change its position Figure 16¢ and both conduction and valence
bands moves in opposite directions. After the band gap reaches zero the conduction band
shifts down the Fermi level resulting in the inversion band gap. This is interpreted as
Stark effect where the energy bands splits allowing for more energy states up and down
the energy band. The experimental approach by Kim et al. (2015) shows that actually all
the energy levels (CB, VB, and Fermi level) are moving together which is probably more

accepted.
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Figure 15: The effect of a vertical applied field on four layers BP.

(a) The four layer structure of BP that is used; (b) the band gap at no applied voltage with carrier concentration
1.4x1010 cm?; (c) The band gap when applying voltage (the band gap decreases, as E.; gets down and Ey; gets up)

with carrier concentration 1x10'> cm? (d) The band gap after increasing the applied voltage (a case of band
inversion) with carrier concentration 5x10%cm2. Adapted from (Lin et al., 2016). Nano letters, ACS 2016.
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Figure 16: The effect of increasing the dopant density on the band gap of four-layer
BP.

(@) A 3D evaluation of the band gap; (b) The band gap versus the dopant density showing the critical dopant
density that causes a zero- band gap ([ for the maximum of valence band and I, for the minimum of the
conduction band); (c) The energy gap in (eV) versus the wave number ky for AC direction and ky for the ZZ
direction. Adapted from (Kim et al., 2015). 2D materials, Science 2015.

The band gap of BP is related to the number of layers, where the band gap increases with
the decrease in the thickness of BP, and the highest band gap occurs for MLBP. The
critical field or the critical dopant density that achieves a zero-band gap in BP is less for
a greater number of layers of BP because the band gap decreases with increasing the

number of layers Figure 17.

36



Bandgap (eV)

0.0 0.2 0.4 0.6 0.8 1.0
E_. (VIA)

Figure 17: The band gap (eV) versus the external electric field Eext (V/A) for BP.
Adapted from (Kumar et al., 2016). Physical review B 2016.

2.1.5 The Operating Point of Phosphorene

Based on the literature in the previous section we want to specify the required
band gap of phosphorene that we will work at. According to the DFT calculations by

Cao et al. (2016), an equation for the band gap is estimated and plotted in Figure 18.
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Figure 18: The effect of applied voltage on the band gap of monolayer phosphorene

(@)The band gap (eV) of MLBP versus the vertical applied field (E_Field (V/m)). Adapted from (Cao et al., 2016).
Computational Materials Science, Elsevier 2016; (b) The band gap (E,) of MLBP versus the absolute voltage

applied |V;pp|. The square points are from the calculations by Cao et al. (2016) compared with the fitted Equation in
(2.38) (dashed line).
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There is a strong relation between the band gap and the chemical potential. Figure
19 shows the variation of the band gap of BP as discussed in the previous section. If we
defined the chemical potential to be the difference between the Fermi level and the CBM
u = Ep — E,. and we took E as the reference zero level we can easily relate the chemical
potential to the energy of the band gap as in Figure 19a. Similar approaches were
previously adopted in literature as in (Fang et al., 2007a; Low et al., 2014). In Figure
19b, the band gap decreases with increasing the applied electric field, a case of zero band
gap occurs at the critical electric field letting E,, Er and E,, coincide. After that, the band
gap begins to increase again Figure 19c. We choose our operating point to be exactly
after the inversion occurs where E, migrate above the E. and E, is still very near to E,.
The chemical potential ¢ can then be approximated to the value of the band gap. By
knowing the applied voltage applied to BP we get the energy gap E, from (2.38) which

is the same as the chemical potential uzp value, to be substituted in (2.37).
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Figure 19: The variation of the band gap of MLBP under the effect of electric field

(@) The intrinsic case, no electric field, (b) Energy gap decreases under an electric field less than the critical value
(c) Energy gap starts to increase again after reaching zero (Lin et al., 2016).

2.1 Modeling and Simulation

In this section we will discuss the design of our proposed structure, the steps
taken to reach the final design (model), and the simulation methods used. Simple
structures were first proposed containing one or two materials only (like graphene only

or phosphorene only). By investigating the simulation results of these simple structures
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and the previous literature, we were able to modify the structure to the final one that
contains graphene, MoS», and phosphorene. One of the computational methods to solve
for partial differential equations (PDEs) like the one from (2.1) to (2.4) for different
structures is the FEM or the finite element analysis (FEA). The basis of the FEM is to
simplify structures and problems, that require solving PDEs and are difficult to solve
analytically. There has to be a kind of approximation, where the structure is segmented
into small elements (discretized) and the PDEs can be approximated to numerical model
equations, that are solved numerically. These numerical solutions are approximation of
the real PDEs solution (Comsol, 2017; Liu, 2019). In order to find a traveling-wave
solutions of Maxwell’s equations in the absence of external effect, we combine the curl
Equations (1.3), and (1.4) to get the wave Equations (2.39) and (2.40) in time and

frequency domain, respectively.

92D
VXVXE =—M0m (239)
(02
K(K.E) — K2E = —e(K, ) = E (2.40)

The electromagnetic wave module (frequency domain) in COMSOL Multiphysics
is used, which solves Equation (2.39) using the FEM. The plasma waves and the
external applied field are taken into consideration through the permittivity Equation in
(2.21) for each material that accounts for intra-band and inter-band transitions through
the Drude model and the Kubo formula of optical conductivity in Equations (2.33), and
(2.35) for MoS; and BP and (2.28) for graphene. The values of the complex refractive
index of graphene, MoS;, and MLBP are extracted from Equations (2.28), (2.33), and
(2.35) respectively by first solving for e(w) for each as in (2.20) then solving for n and
k as in (1.6), and (1.7) respectively. For h-BN the built-in function in COMSOL for thin

3.263%x12%

h-BN was used that is described by n* — 1 = ————
A14-0.1644

where A is the wavelength of the

incident wave. The equation matches the results in (Laturia et al., 2018; Naftaly et al.,
2011; Satawara et al., 2021). For SiO; a real refractive index is taken as an average value
of 2.15 in the THz region as described in (Davies et al., 2018) .
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2.2.1 Structure and Design

Several structures were examined for their absorption until we reached our final
structure that have graphene, MoS», and phosphorene. Since we are considering the
fabrication of the reached design. We focused to have the simplest structure that can
achieve the highest absorption. According to the discussion in chapter 1, we chose a
simple nanoribbon design that can open the band gap of graphene and allow for THz
absorption. We also examined the absorption of MoS., phosphorene nanoribbons solely.
The nanoribbons are placed over SiO2 and coated with h-BN. The wave excitation is in
the vertical direction, normally incident to the nanoribbons with an electric field in the
direction of the nanoribbon width. Figure 20, represents a 2D view for a unit cell of the
base structure that was used to simulate nanoribbons of graphene, MoS;, and
phosphorene each one separately. The structure is repeated to the left and the right to
form an infinite array of nanoribbons. 2D structure simulation was used where the
infinite extension of the nanoribbon is in the third dimension (inwards) and a Floquet
periodic boundary condition is applied in the horizontal direction to guarantee the
periodic infinite repetition of the whole structure horizontally so we have an infinite
number of nanoribbons with the same boundary conditions (Hakoda et al., 2018) . We
varied the structure parameters like the spacing between the nanoribbons d, the width of

the nanoribbon W and the applied voltage V,,,, to reach a good absorption in the THz

range. According to the dimensions and conditions reached for each standalone structure,
a heterostructure of MoSz/graphene was proposed and examined where the absorption
was still not more than 50%. We made use of the in-plane structure of graphene and
phosphorene together with the heterostructure of MoSz/graphene and we obtained good

results.
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‘ Wave excitation direction

Figure 20: A 2D schematic of a unit cell of the array of infinite nanoribbons. The
structure is used for graphene, MoS> and phosphorene nanoribbons.

2.2.2 Graphene and MoS; Heterostructure

The design is based on opening the band gap of graphene using different methods.
We applied three factors that open the band gap which are stripping graphene into
nanoribbons, developing a heterostructure with MoS. and applying a vertical gate
voltage. The dimensions of the structure (I, and d) are modulated to have absorptance
in the THz region. The electromagnetic field excitation is in the vertical direction (-y)
with a zero angle with the vertical plane (normal incidence) with an electric field E,
polarized in the x direction. Figure 21, shows the proposed structure with a nanoribbon

width W, and applied vertical gate voltage V; and a spacing d between the nanoribbons.

41



MoS; 1 The directionofthe incident electromagnetic wave
Graphene

SiO;
Metal contact

Figure 21: The schematic of the infinite nanoribbon structure with a SiO> substrate and
nanoribbons of graphene and MoS; with applied gate voltage Vq and incident THz
electromagnetic wave (not to scale for clarification).

2.2.3 Graphene, Phosphorene and MoS; Structure

The MoSz/graphene heterostructure was not expected to have much absorptance,
we need to modify the structure and increase the plasma oscillations that participates in
the absorption. Making use of the in-plane graphene/phosphorene heterostructure, a hnew
design could be reached including all of the three materials. Figure 22 is developed
utilizing the easy integration of the in-plane armchair direction of graphene and
phosphorene and the similar hexagonal structure of graphene and MoS.. The nanoribbon
widths are W,,,and Wy, for graphene and phosphorene respectively with an applied

voltage V; on MoSz/graphene, and Vg, on MLBP.
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Figure 22: The proposed Structure of graphene, MoS», and MLBP.
(a) The 2D representation of a unit cell (not to scale for clarification); (b) The orientation of the monolayers of
one unit cell; (c) The 3D representation of an array of two cells.
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Chapter 3 : Results

3.1 MoS: Nanoribbons on SiO;

MoS: is known for its high transmittance in the THz region due to its large band
gap which lies in the visible range (~1.9 eV), however there is some absorption due to
the intra-band transitions. The absorptance and transmittance of monolayer MoS;
nanoribbons on SiO, was first tested with nanoribbon width W, = 40 nm , spacing
between the nanoribbons d = 10 nm with a substrate thickness d,;, = 5 nm, and h-BN
thickness= 5 nm Figure 23 . A small absorption peak is noticed at ~ 2.29 THz, while the
monolayer is still a good transmitter for THz waves Figure 24. The electric field
distribution is shown at Figure 25. Since the absorptance is directly proportional to the
electric field intensity EZ, the highest electric field is at 2.29 THz and is approximately
2.5 x 10° V/m where it is concentrated at the edges, which manifests a plasmon
oscillation, Figure 25b. The electric field is less (~ 2 x 10%) V/m at other frequencies
and is distributed across the whole ribbon Figure 25(c, d). The effect of changing the
structure dimensions is shown in Figure 26. Increasing the nanoribbon width redshifts
the frequency of absorption where the maximum absorption in the THz region is 0.017.
On the other side, increasing the substrate thickness d.,;, very slightly blue shifts the
absorption frequency. Increasing the spacings between the nanoribbons d decreases the
absorption, so it is better to keep the least spacings between the nanoribbons. Increasing

the h-BN coating thickness could increase the absorption. It is to be noted that varying

the applied vertical voltage on MoS; doesn’t affect the absorption frequency.

' Wave excitation direction

Si0,

Figure 23: A 2D schematic of monolayer nanoribbon MoS; on SiO (not to scale for
clarification)
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Figure 24: The absorptance and transmittance of MoS2 nanoribbons: (a) The

absorptance; (b) The transmittance.
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Figure 25: The electric field distribution across the MoS; nanoribbon at different
frequencies (f): (a) f=0.1 THz; (b) f=2.29 THz; (c) f=7.4 THz; (d) f=10 THz.
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Figure 26: The effect of the structure dimensions on the absorption frequency of MoS:
nanoribbons.

(a) The nanoribbon width effect W, = 40,90,140 nm; (b) The effect of the substrate thickness dg,;, =
5,10, 50 nm; (c) The effect of the h-BN thickness h=2, 5 nm; (d) The effect of the spacings between nanoribbons
d=>5, 10, 20 nm.

3.2 Graphene Nanoribbons on SiO;

The absorptance of graphene nanoribbons was first tested using the Drude model
only in Figure 27. As shown, the absorptance decreases when gate voltage increases
which means that the intra-band transitions are no longer responsible for absorption and
the absorption is dominated by the inter-band transitions. The electric field distribution
shows the reflection of most of the electric field and very little absorption is detected.
The transmittance and reflectance curves in Figure 27(c, and d) assures the tiny
absorptance. The inter-band and intra-band transitions are then included using the Kubo

formula and the results of graphene nanoribbons represented in Figure 28. The structure
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is tested for a nanoribbon width W, = 120 nm, pacing between the nanoribbons d =

10 nm with a substrate thickness dg,;, = 5nm, and h-BN thickness h=5nm and V, =

0.5 V. A graphene nanoribbon could achieve a maximum absorption at 0.5 V slightly
greater than 30%, while most of the remaining waves are transmitted. The electric field
distribution is plotted in Figure 29, where the electric field has the highest value at the
absorption frequency 5.28 THz and most of the electric field is concentrated at the
edges (edge plasmon absorption). The electric field distribution was also plotted at f=
10 THz where the absorption is minimum where there is no noticeable absorption and
no edge plasmons. Figure 30 shows the effect of varying vertical applied voltage V; on
the absorption and transmittance of the graphene nanoribbon, where there is a kind of
saturation in the absorptance at I, > 0.7 V. The effect of varying the dimensions on
shifting the absorption frequency is shown in Figure 31. Increasing the nanoribbon
width W, red shifts the absorption frequency, the same as in case of MoSz. The shift in
the absorption frequency due to increasing the substrate thickness d,,; is more obvious
than in case of MoS; and is accompanied by a decrease in the absorption. The effect of
the spacings d is very small and can be neglected. The height of the h-BN has a greater

effect on shifting the absorption frequency than MoS..
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Figure 27: The absorptance of graphene when considering the Drude model only.

() the absorptance versus frequency (THz); (b) The electric field norm (V/m) distribution at I, = 1V and =10
THz; (c) The reflectance; (d) the transmittance.
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Figure 27: The absorptance of graphene when considering the Drude model only

(Continued).
(a) the absorptance versus frequency (THz); (b) The electric field norm (V/m) distribution at 1, = 1V and f=10
THz; (c) The reflectance; (d) the transmittance.
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Figure 28: Graphene nanoribbons over SiO».

(a) A 2D schematic of monolayer nanoribbon MoS; on SiO; (not to scale for clarification); (b) The absorptance of
graphene nanoribbons: (c) The transmittance and reflectance of graphene nanoribbons at W, = 120 nm,V;, = 0.5V
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Figure 29: The electric field distribution across graphene nanoribbon at different
frequencies (f). (a) f=5.28 THz; (b) f=10 THz; (c) The zoom in at f=5.28 THz; (d) The
zoom in at f=10 THz
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Figure 30: The effect of gate voltage on the absorptance and transmittance of graphene

nanoribbons.

(a) The Absorptance of graphene; (b) The transmittance of graphene. dsuw= 5nm w,, = 120 nm, at variable gate
voltages 1, = 0.01,0.2,0.7,5V
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Figure 31: The effect of the structure dimensions on the absorption frequency of

graphene nanoribbons.

(@) The nanoribbon width effect W, = 40,90,140 nm; (b) The effect of the substrate thickness d,, =
5,10,50 nm; (c) The effect of the h-BN thickness h=2, 5 nm; (d) The effect of the spacings between nanoribbons
d=5, 10, 20 nm.

3.3 MoS,/Graphene nanoribbons Heterostructure on SiO>

The absorption of graphene nanoribbons at low voltages (< 1 V) couldn’t achieve
absorption greater than 40%. The absorptance of MoS./graphene heterostructure is
discussed in this section (Samy et al., 2023). For a channel length of 120 nm and the
same parameters for h, d, W, of the graphene only nanoribbon as in the previous section,
we have higher absorption especially at low voltages. At V, = 0.2 V, the absorption rises

from less than 20% to ~35% Figure 32, and saturates at 45%. For a better comparison
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between graphene only and MoSz/graphene nanoribbons results. The absorption of both
of them is plotted in the same graph in Figure 33. Beside the increase in the absorptance
due to the heterostructure, there is a blue shift in the absorptance frequency at the same
applied voltage, which means an inter-band transition occurs for the same voltage at
higher energy (a larger band gap) which is anticipated to the band gap opening due to the
heterostructure. The electric field distribution at a V, =04V, and channel length 90 nm
at the absorptance frequency is detected in Figure 34. The effect of varying the channel
width W, and the substrate thickness d,,,;, at different voltages are plotted in Figure 35
and Figure 36. Decreasing the channel width blue shifts the frequency of absorptance
with a maximum absorption of less than 50% at V, = 0.4 V. The shift towards higher
frequencies at low widths can be attributed to the increase in the band gap of graphene
nanoribbon which is higher that the case of graphene only structure due to the opening in
the band gap by the effect of MoSz. The blue shift in the absorptance frequency due to
the substrate thickness is best described by the argument by Ullah et al. (2020), where

larger dg,, indicates low capacitance value and low carrier concentration n, as in
Equation (2.31) and since the resonance frequency or the absorption peak frequency

follows the rule, w ﬁ where L and C are the equivalent inductance and capacitance

of the structure respectively, the resonance (absorption) frequency increases or shifts
towards higher frequencies when capacitance decreases. In order to have a good voltage
tunable absorber for small nanoribbon widths (90 nm) in the THz region, we have to use
a small substrate thickness in the range of 5 nm. We need a small d.,,;, (high equivalent

capacitance) to have enough carrier concentration at the THz frequency.

Temperature variations affects the carrier concentrations in graphene
nanoribbons, however, this effect will not be obvious for nanoribbons widths greater
than 100 nm (Fang et al., 2007b). The increase in carrier concentration due to
temperature rises is very low especially in the presence of applied voltage. At the same
time, the transmittance of MoS; sheets slightly decreases with increasing temperature (Li
et al., 2019), that’s why we cannot see a great effect of temperature on the structure
absorptance, especially at higher voltages. The experimental work conducted by Liu et

al. (2020) showed that both the refractive index n and the extinction coefficient x curves
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of MoS; aren’t affected when varying the temperature from 4.5 K to 500 K as we go
towards the THz region. The nanoribbon structure is stable against temperature

variations. Figure 37 shows a slight variation in absorptance above 300 K that vanishes

at higher gate voltages as in Figure 38.
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Figure 32: The absorptance of MoSz/graphene heterostructure at different gate

voltages V, = 0.1,0.2,0.7 V.
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Figure 33: Comparison between the absorption of graphene only and MoS2/graphene
heterostructure. The nanoribbon structure absorptance in case of graphene only
(marked lines) and MoS./graphene heterostructure (solid lines) at different gate
voltages Vg=0, 0.1, 0.4
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Figure 35: The effect of the nanoribbon width w, on the absorptance
frequency : (a) at V4=0 V; (b) at V4=0.1 V; (c) at V4=0.4 V.
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Figure 36: The effect of the substrate thickness d,,; of SiO. on the absorptance at
V=0, 0.1 V and nanoribbon width W,, = 90 nm
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Figure 37: The effect of temperature on the absorptance of the nanoribbon structure at
gate voltage V4=0
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Figure 38: The effect of temperature on the absorptance of the nanoribbon structure; at
gate voltage (a) V¢g=0.1V, and (b) Vg=0.4 V.

3.4 Phosphorene Nanoribbons on SiO:

The same structure for graphene and MoS. was repeated for phosphorene
nanoribbons represented in Figure 39. The absorptance is tested for nanoribbon width
W,_gp = 200 nm, , spacing between the nanoribbons d = 10 nm with a substrate
thickness dg,,;,, = 5 nm, and h-BN thickness h=5 nm. With a V;p, = 0.46 V. The applied
gate voltage on MLBP was tested for several values to reach the required one that
achieves the highest absorption. Below this value the absorption is low and above this
value we have absorption outside the THz range for our given device dimensions Figure
42. For the structure in Figure 39, a very small portion of the incident wave is reflected,
while most of the wave is approximately half absorbed and half transmitted with
maximum absorption of approximately 40%. The electric field distribution is plotted in
Figure 40, where the electric field has the highest value at the absorption frequency 5.9
THz and most of the electric field is concentrated at the edges. The effect of varying the
dimensions on shifting the absorption frequency is shown in Figure 41, the effect of
increasing the nanoribbon width W,,_gp red shifts the absorption frequency, the same as
in case of MoS; and graphene. The shift in the absorption frequency due to increasing
the substrate thickness d,; is more obvious that in case of MoS, while the effect of the
spacings d can be neglected. The height of the h-BN has a greater effect on shifting the

absorption frequency than MoS». Figure 42 shows the effect of varying vertical applied
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voltage on the absorption frequency, where increasing the applied voltage above a
certain limit shifts the absorption frequency outside the THz range and also affects the
percentage of absorption. There is a critical applied voltage that verifies the highest

absorption, in this case it is 0.5 V.

‘ Wave excitation direction
0.4}
0.35
0.3
@
2 0.25
2
a
o 0.2]
I}
2
0.15
0.1
0.05
0
0 2 4 6 8 10
Frequency (THz)

1]

— Total transmittance
Total reflectance

0.9

0.8
0.7
0.6/
0.5
0.4
0.3

Transmittance/ Reflectance

0.2

0.1 o

4 6 8 10
Frequency (THz)

Figure 39 : Phosphorene nanoribbons on SiO: : (a) 2D representation of phosphorene
nanoribbons on SiO> (not to scale for clarification); (b) The absorption of monolayer
phosphorene at Vep = 0.46 V, (c) The transmittance and reflectance.
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Figure 40: The electric field distribution of phosphorene nanoribbon at different
frequencies : (a) at the absorption frequency 5.9 THz; (b) frequency f=10 THz; (c) The
zoom in of the edges at f=5.9 THz; (d) The zoom in of the edges at =10 THz
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Figure 41: The effect of the structure dimensions on the absorption frequency of

phosphorene nanoribbons.

(a) The nanoribbon width effect W, = 40,90, 140 nm; (b) The effect of the substrate thickness d,,;, =

5,10, 50 nm; (c) The effect of the h-BN thickness h=2, 5 nm; (d) The effect of the spacings between nanoribbons
d=5, 10, 20 nm.
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Figure 42: The effect of varying the vertical voltage Vzp on the absorption frequency;
at Vgp = 0.45,0.47,0.5,0.52 and 0.7 V

3.5 The Proposed Structure (MoS2/Graphene-Phosphorene- MoS2/Graphene)

This part discusses the absorption of the final proposed structure and the effect of
the applied voltage and varying the dimensions (width and thickness) on the absorption
frequency. When MoS: is stacked over graphene minigaps are formulated in graphene
(Pierucci et al., 2016). These band gaps are due to the hybridization between the  band
in graphene with the out of plane orbital in MoSz. The study by Pierucci et al. (2016)
confirmed no interaction between graphene and MoS; interfaces and a possible charge
transfer from MoS:> to graphene. The absorption of infinite nanoribbons of phosphorene
or MoS./graphene array structure could not exceed 50% for very thin structures (Debu et
al., 2018; Samy et al., 2023). When using a combination of graphene, phosphorene, and
MoS: to have the proposed structure in Figure 22, the absorption is greatly enhanced to
more than 90% and can reach 95% at 10 THz for the stated dimensions as shown in
Figure 44. The graphene/phosphorene/graphene structure are connected through strong
chemical bonds where the energy barrier at the interface locks the carriers in graphene as
discussed earlier. The role of phosphorene between the graphene nanoribbons is to lock
carriers to the graphene/MoS; heterostructure, that in turn enhances the plasmonic
resonance. This interprets the high electric field over the MoS»/graphene interface in
Figure 43 that reached 3 x 101° V/m at the edges which is the highest when compared to

previous structures in sections 3.1.1 to 3.1.4. The nanoribbon width plays an important
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role in varying the band gap of graphene and phosphorene. Increasing the width of the
MoSz/graphene nanoribbon (20 ~ 120 nm) red shifts the absorption frequency as shown
in Figure 44a. The same case happens with increasing the phosphorene nanoribbon width
(40 ~ 160 nm) Figure 44b, however, varying the nanoribbon width of MoSz/graphene
can easily sweep the absorption frequency over the entire THz range. Applying a gate
voltage V;; sweeps the absorption frequency from 6 THz to 10 THz at small nanoribbon
widths of W,, = 30 nm for MoSz/graphene, and W,,_gp, = 15 nm for phosphorene Figure
45h. The bandwidth varies from 0.6 THz at 6 THz to 1.9 THz at 10 THz. Sweeping the
absorption frequency through varying the applied voltage V, at lower frequencies
requires larger dimensions, with W, = 140 nm and W, _gp = 120 nm Figure 45a. In this
case, a fine tuning is obtained starting from 1.3 THz at 1, = 0.2 V. The dimensions of the
structure can be modified according to the frequency range required to be swept. The
effect of the substrate thickness on the absorptance, transmittance and reflectance of the
structure is shown in Figure 46, where W, = 30 nm and W,,_gp = 15 nm while fixing
Vyand Vgp at 0.2 V and 0.46 V respectively. Increasing the thickness of the substrate
decreases the transmission and the reflection of the structure and increases its absorption.
A blue shift in the absorption frequency is also noticed with increasing the substrate
thickness which can be attributed to the reduced capacitance of the structure at larger
substrate thickness. A thickness of d,;,, =50 nm can be regarded as the limit where no
more shift in the absorption frequency or the absorptivity is noticed at 1, = 0.2 V. The
variation in the absorption frequency is nearly negligible at thicknesses > 5 nm and have
absorptivity > 90%. It is not recommended to decrease the substrate thickness below 5
nm as this will result in decreased absorptance, besides, it may be impractical in
fabrication. Larger thicknesses >50 nm could be used where we obtain near unity
absorptance, but the blue shift in frequency could be compensated by an increase in the
nanoribbon width (as in Figure 44) to sweep the whole THz frequency range through

low applied voltages (0-0.5 V).
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Figure 43: The surface electric field of a unit cell of the proposed structure; at W, =
30 nm and Wgp = 15 nm measured at the frequency of highest absorption 7.3 THz
atV, = 0.5V and Vzp = 0.46 V.
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Absorptance
Absorptance

10 12

(5]
Frequency (THz)

4 6
Frequency (THz)

Figure 45: The effect of voltage applied on MoS2/Gr heterostructure on shifting the
absorptance frequency: (a) Wn=140 nm, W, _gp = 120 nm (b) Wn=30nm , W, _gp =
15 nm.
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Figure 46: The effect of the substrate thickness dg,; on the absorptance, reflectance
(R), transmittance (T) of the structure at W, = 30 nm, W,,_gp = 15 nm, 1, = 0.2V, and

Vgp = 0.46 V.

(a) The absorptance at different substrate thicknesses d,;,= 2, 5, 50, and 500 nm ; (b) The reflectance (R), and
transmittance (T) at different substrate thicknesses d,;,= 2, 5, 50, and 500 nm.
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Chapter 4 : Discussion

4.1 Validating the Novelty of the Structure

To clarify the novelty of our structure, we compared our work with the previous
ones. There are different aspects to evaluate an absorber, like the efficiency, yield, cost,
and bandwidth. In other words, how much wave the absorber is able to catch from the
incident one, the cost of the materials used in the absorber; are they cheap or expensive;
can the structure be easily fabricated and is it easy to have a large yield of it. For
broadband absorbers, it is better to achieve the absorption frequency bandwidth as wide
as possible. While in selective or narrow band absorbers, the absorber is more efficient
when it has a very tight bandwidth. And another aspect that appears in selective
absorbers; is the sweeping of the frequency of absorption through the THz spectrum

easily without modifying the absorber dimensions (like using an electric field).

In Table 2 we summarized some of the main points that are used to assess an
absorber like its bandwidth, absorptance, and design. We discussed some of the main
challenges like including noble metals, complexity of the design, thickness and
percentage of absorption. The mentioned THz absorbers in Table 2 face at least one or
more challenges. The marked column in the table (%) indicates the failure of this design
to face the stated challenge, while this work overcomes those challenges. Including
noble metals in the design could raise the cost of the absorber. Complex designs could be
fabricated but it may be difficult to achieve on a commercial scale at low costs. A bulky
absorber could have good characteristic with affordable materials, but it may be not that
good to include in ultra-thin electronics or wearables. Most of the previous broadband
and ultra-broadband absorbers lack one of these things. If they were able to achieve high
absorptance above 90%, it is in a very small THz range (Baah et al., 2021; Wang et al.,
2023; Zhong et al., 2021), and if they achieved high absorptance for a wide range, they
are made of expensive materials and have complicated designs (Wu et al., 2023) or they
may have limited frequency range over which the absorptivity is high and a complex
structure at the same time (Chen et al., 2020). Some broadband absorbers overcome all
the previous challenges but with bulk structures (Wang et al., 2020). Sometimes they

include metals to increase the absorption like Wang et al. (2023) that has refractory
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metals which are known for high cost, brittleness, heaviness, and toxicity. The thickness
of the absorber plays an important role nowadays, where they can be used in wearable
and ultra-thin electronic devices. Very few absorbers were few nanometers thickness
while others are in the micrometer scale. Narrow band absorbers with high absorptivity
are bulky, including metals with complex designs (Cheng et al., 2023; Shangguan et al.,
2022; Yan et al., 2020).

Table 2: List of previous THz Absorbers

. Challenges
Ref. Bandwidth Absorptance Structure 5 3
(Wuetal.,, > 90% from 3.65 to 10.54
6.89 THz cross-shaped gold resonator
2023) THz
(Wang et al., |Switchable wide band| > 90 % through 1.71-3.31 | A metamaterial structure of Ti,
X X
2023) 1.60 THz THz TiO2 & VO,
“Bubble wrap” polymer
(Baah et al., |from few hundreds of ]
~ 100% nanomembrane covered with x
2021) GHz to 1.2 THz _
multi-layered graphene
(Gong et al., 0.5 TH >90% from 4.762 to 5.152 | Asymmetric square rings of Au
~0. Z X
2016) THz over SizNa.
(Zhu etal., 99.5% and 99.9% at 1.01 | A graphene ring shape with a
Dual band ) o ) x
2022) and 1.86 THz respectively cross inside over SiO2
(Islam et al., ) Graphene meta surface, Au, SiOz,
Multiband 99.7% from 0.1-2.0 THz x x
2020) and Zeonex
(Mohsen .
. Stacked graphene ribbons on 2
Daraei et al., ~5.8 THz 70% from 9t0 7.7 THz ] ] ) ] x
different dielectrics on Au film
2020)
graphene sheet with a
Relative bandwidth of Gammadion-shaped and a
(Chenetal., ) ]
2020) 72.1% at 90% >90% from 2to 5 THz dielectric substrate of x x
absorptance polydimethylsiloxane placed on a
metal film.
Narrow band ) .
two absorption peaks with
(Yanetal., |26.4 and 23.5 GHz at .
99.6% at 0.2242 and Graphene pattern/Si/Au x x
2020) 0.2242 and 0.5302
) 0.5302 THz
THz respectively

Yincludes metal

2 Complex pattern
3 Bulk structure (Thickness in tens of um range or thousands of nanometres)
4 Low absorption
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Table 2: List of previous THz Absorbers (continued)

Challenges
Ref. Bandwidth Absorptance Structure
1 2 3| 4
Switchable
(Cl:h;gg::)t Broadband >90% From 1.27 to 2.16 THz |Square patterned graphene/SiOz/Au| x x
al.,
narrow band 99% at 1.72 THz

Narrow band

(Shanggua| 0.0171 and 0.0152 09.41% and 99 22% at 5.664

netal., THz at 5.664 and . Ring patterned graphene/SiOz/Au | % % x
2022) 8.062 THz THz and 8.062 THz respectively

respectively.

Patterned MoS> with a

(Zhong et Broadband >90% for frequencies from .
subwavelength ring—cross array, | % x x
al., 2021) 1.210 2.67 THz 1.37510 2.75 THz
placed over a polymer over Au
(Wang & ) .
) Ultrawideband A stack of BP nanoribbons over
Jiang, ~ 90% through 4 to 10 THz ) . x x
2019) 3.4-9.6 THz dielectric on a gold base.

A variable bandwidth

) that increases at ]
(Xiao et al., . . A stack of multilayers of
higher THz Maximum of 40% ) ) x
2019) . ] BP/dielectric/gold
frequencies while

absorption decreases

(Wang et Broadband Sandwich structure of BP and
>90% x x
al., 2020) 29&35THz dielectric (VO2)

. > 90% for frequencies Nanoribbons of Graphene, MoS,
This work 09-13THz

from 0.1 to 10 THz and phosphorene

4.2 Interpreting Results using the Transmission Line Circuit Theory

The transmission line model of the unit cell in Figure 22a can be represented by
two transmission line impedances Zo and Zs for the incident medium (free space) and the
substrate respectively, and a shunt impedance Z = Z; + Z,, representing the structure
impedance. Zo is the free space impedance taken as 120 m (376.73), and Zs is the
substrate impedance for SiO» calculated as Zo/nsio2 Where nsio2=2.15 is the refractive
index of SiO2, Z; represents the impedance of h-BN calculated as Zo/nh-en, Nh-en IS the
refractive index of h-BN substituted as /3.5 (Laturia et al., 2018). Zeq is the equivalent

impedance of the rest of the structure. For the simplicity of calculations, the impedance

of the heterostructure MoSz/graphene is named Z, consisting of two series impedances,
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Zy for MoS; and Z; for graphene, with each one having its own RLC circuit. Z,, is the
phosphorene impedance and Z,, is the equivalent impedance of Z, and Z,. Equations

(4.1)-(4.3) describe the impedance calculations of the unit cell. The transmission line

model represented by the structure impedances is shown in Figure 47a.

Z,+ Zy
h = > (4.1)
;Lo
4= 7, + 27, (4.2)
(a) (b)
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Figure 47 The transmission line model for a unit cell of the proposed structure. (a) The
impedance model (b) The RLC model

N ZyZpZs
Y 202 + 2y Z + ZpZ

Zin =7 (43)

The RLC model of the circuit is shown in Figure 47b, where each material has a
resistance, an inductance, and a capacitance represented by R/, L, C, for graphene,

Ry, Ly, C,, for MoS; and Ry, Lp, Cp Tor phosphorene.

The values of the RLC circuit is calculated from the conductivity Equations
(2.28), (2.33), and (2.35) for graphene, MoSz, and phosphorene respectively (Khavasi,
2015b; Khavasi & Rejaei, 2014), where the resistance and inductance are calculated
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from the real and imaginary parts of the conductivity respectively according to Equations
(4.6), and (4.7)

R 25% Re{o™"} (4.4)
L _ D im{s™) “s)
§2  w

For MoS; and phosphorene, the RLC values are calculated based on the Drude model,

as.
R — Dy Muos, R — D, Myc/zz
M= o2 ) PTG 7
Slz anMOSZTMOSZ Sf q2 nAc/ZZ % (46)
D, m; D, m,
Ly =gt Ly =gt (4.7)
ST q“Npos, ST " Nuc)zz
St €o(€En—pn + €r) St €o(€n—pn + Estoz) 48
Cy =7 ’ Pp= D_ ( : )
Dp Q1 p ql

Where D, is the period of the structure, taken as D, = 2W, + W,,_gp + d and S;is the

integration of the eign function for the first eign mode and can be taken as SZ ~ g w,

where W is the nanoribbon width (Khavasi, 2015a; Khavasi & Rejaei, 2014; Daraei et
al., 2020). q, is the first eigenvalue of the current equation based on the Drude model by
Khavasi & Rejaei, (2014) and is calculated from q; = Q, X % where Wis the
nanoribbon width taken as W, for graphene and MoS; and W, _gzp, for phosphorene.
Q. has values ranging from 0.4 to 0.7 that differs according to the ratio between the
nanoribbon width W and the period of the structure D, (Khavasi, 2015a; Daraei et al.,

2020). The capacitance is calculated based on an effective permittivity as an average of

the permittivity of the upper and lower materials.

Since we adopted the Kubo formula for the conductivity of graphene (2.28), the RLC

values of graphene can be calculated as (see Appendix)

_ D, 8nh*(w?t? + 1)+ X
9 52 X+Y

(4.9)
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_ Db 8nh?(w? 12+ 1) xY

= 4.10

g wS? X+Y (4.10)

¢, = ﬁ'fo(EMos2 + ESiOZ) (4.11)

Dp q1
Where X, Y are defined by Equations (4.12), and (4.13)
b
X = 8q%A1 — 2¢*°h(w?t? + 1) X tan™?! (E) (4.12)
Y = 8wq?At? + q® h(w?t? + 1) X In(a® + b?) (4.13)
And A, a, b are defined as
__HKe_
A=pu.+2KzT X In (e KT + 1 ) (4.14)
_ Qludo? - (hwt? 7> —4|u,|th 415
 2Q2|u,| + Aw)? + A2 22|, + Aw)? + A2 '

By substituting from (4.6) to (4.11) in (4.1), (4.2), and (4.3) where Z,,Zp, Z), are as in
(4.16) to (4.18), we get the input impedance (Z;,). The real part of the structure

impedance should match that of the free space and the imaginary parts should cancel

each other’s at a resonance frequency w, = ﬁ , where L and C are the total equivalent

inductance and capacitance of the structure respectively that vary according to the
structure dimensions allowing for peak absorption at a resonance frequency w,. Figure
48 shows the normalized input impedance (Z;,,/Z,), for the real and imaginary parts of
Z;, for two cases; case a: where W, = 140 nm, and W,,_gp = 120 nm, and case b:
W,, = 30 nm, Wgp = 15 nm. For case a, the imaginary part crosses zero at a frequency
near f = 2 THz, where the real part of the normalized impedance approaches 1 (~0.994).
For case b, the imaginary part crosses zero at a frequency near f = 6 THz, where the
real part of the normalized impedance approached 1 (~0.994). From Figure 45 we can
see that the peak absorption occurred near f = 2THz and f = 6 THz for these two

cases respectively.
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Figure 48: The normalized input impedance Z;,, for the proposed structure: (a) The real
part, (b) The imaginary part versus frequency for case a: W,, = 140 nm, Wyp =
120 nm, and case b: W,, = 30 nm, Wyp = 15 nm

71



Chapter 5 : Conclusion and Future Work

5.1 Conclusion

This work aimed at studying the properties of graphene heterostructures and their
potential applications in the THz range. Since MoS; and phosphorene are the most recent
and promising 2D materials that showed compatibility of graphene, they were the focus
of this study. The optical band gap modulation of these materials (graphene, MoS, and
phosphorene) opened the door for their use in optical applications. The hexagonal
structure of MoS; facilitates a vertical heterostructure integration with graphene that has
a hexagonal honeycomb shape. Both graphene and phosphorene have a zigzag and
armchair edges which simplifies their in-plane integration. In addition, these materials

have favorable electronic, mechanical, and thermal properties.

The direction of the study was towards THz absorbers, as they represent a main
building block in communication and electronic THz systems. After studying previous
literature, it was found that very few work were done on selective or narrow band THz
absorbers that are as much important as broadband and ultra-broad band absorbers that
were the focus of most studies. Our study is a theoretical one that takes into
consideration the simplicity of structure and possibility of integration to ensure the
easiness of fabrication in the future. The models used are selected precisely to ensure a
near real structure properties and the finite element method was used to simulate the
proposed structure. The structure was modulated to obtain a selective absorber that can

be easily tuned through an applied voltage and able to sweep the entire THz range.

The absorption of each 2D material was tested separately, and then combinations
of these 2D materials were made to reach the maximum absorption. The fact that the
band gap of graphene and phosphorene is greatly affected by the structure and
dimensions (nanoribbons, rings, etc.) was exploited to adjust the absorption frequency in
the THz range and the electrical optical tuning of graphene was used to ensure easy

absorption frequency sweep.

The future fabrication of the proposed structure was highly considered while
designing the structure. We focused on the simplicity of the structure where nanoribbons

of 2D materials were used to avoid complex designs that were previously used. The
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fabrication of graphene and phosphorene are successfully obtained on a wide scale using
CVD that allow their stripping into the desired nanoribbon sizes. Numerous studies have
documented the successful production of high-quality, thin films of graphene, MoS,, and
phosphorene on SiO2/Si substrates through chemical vapor deposition (CVD) (Liao et
al., 2013; Choi et al., 2017; Smith et al., 2016). While the CVD synthesis of phosphorene
poses challenges, alternative methods such as pulsed layer deposition have demonstrated
success in creating superior ultrathin films (Yang et al., 2015). The fabrication of
nanoribbons from 2D materials has been achieved using traditional lithography
techniques. In a comparative analysis by Celis et al. (2016), various approaches for
synthesizing graphene nanoribbons, including lithography, catalytic cutting, chemical
assembly, and epitaxial growth, were explored. An enhanced technique employing light-
emitting diode (LED) lithography successfully generated damage-free thin nanoribbons
of MoS; and graphene (Shi et al., 2023). Other methods are also under development, as
evidenced by researchers Deng et al. (2022) who achieved the direct synthesis of single-
crystalline MoTe, nanoribbon arrays on SiO2/Si substrates using a one-step CVD
synthesis technique. A comprehensive review by Lee et al. (2017) discussed the
assembly and transfer of graphene nanoribbons, comparing wet and dry transfer
methods. A damage-free transfer technique, a roll-based transfer method was introduced
(Kim et al., 2021), demonstrating effective transfer for graphene and MoS; sheets. The
synthesis and transfer of high-quality phosphorene nanoribbons were accomplished
through ionic scissoring of black phosphorous crystals (Watts et al., 2019). Diverse
techniques for transferring black phosphorus, whether through dry or wet methods, were
discussed in (Dhanabalan et al., 2017). Ongoing research endeavors aim to achieve a
perfect and precise transfer of 2D materials on an industrial scale. Future work could
also include modifying the design for better selectivity of the absorption frequency and

narrower bandwidth.

5.2 Future Work (Synthesis)

As synthesizing is a part of the future work of this thesis, we here include the
preparation of MoS> monolayer on SiO/Si wafers using CVD as a first step for the
whole structure fabrication. We were able to obtain a wide monolayer surface of MoS..

The monolayers can then be cut into nanoribbons and assembled with nanoribbons of
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graphene and phosphorene. The synthesis was done in the institute of applied physics lab
(IAP) at University Mohammed IV polytechnic (UM6P) using chemical vapor
deposition (CVD). Synthesizing MoS: requires some preparations before starting the
synthesis process, like cleaning the wafers, boats and the tubes that are going to be used

during the synthesis Figure 49.

5.2.1 Cleaning Process before Synthesis

e Cleaning SiO2/Si wafers

The SiO./Si wafers used are of 300 nm thickness and are covered by a cu layer. The cu
layer is removed through soaking the SiO2/Si wafer in HNO3z for 1 hour then washing it
with Deionized (DI) water and leaving it to dry. After that, RCA1 and RCA2 protocols
are applied for complete wafer cleaning. RCA1 and RCA2 depends on mixing H20,
H202, and NhsOH or HCL in ratios 6:1:1 and here is the detailed procedure for each

protocol.
RCA1
1. Mix the following amounts:
a. 90 ml of H.0
b. 15 ml of H20:
c. 15 ml of NhsOH

2. Put the Silicon wafer in the above mixture and then on hot plate at 70 °C and

leave for 15 minutes.
3. Remove the wafer from the mixture and leave to dry
4. Apply RCA2 which includes mixing the below amounts of solutions:
a. 90 ml of HO
b. 15 ml of H20:
c. 15mlof HCL

5. Then repeat number 2 and 3.
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6. Put the wafer in DI water and sonicate for 15 minutes
7. Leave the wafer to dry, then cut into pieces
e Cleaning the wafer pieces:

After applying the above protocols, now we have a clean Silicon wafer from Cu. To
remove any left portions of Cu or dust the below steps are done before using the wafer

pieces in the MoS; synthesis.
1. Merge the wafer pieces in acetone and sonicate for 15 minutes

2. Remove the pieces and merge in Isopropyl alcohol (IP) and sonicate for 15

minutes.
3. Then remove again and merge in ethanol and sonicate for 15 minutes.
4. Merge in Deionized (DI) water and sonicate for 15 minutes.
5. The wafer cleanliness is checked where no water drops stick on the surface.
6. The wafer is put in oven for drying at 100 °C for 30 minutes.

e Cleaning the boats that will be used to carry Sulfur and Molybdenum oxide
(Mo0:s)

The boats are immersed in ethanol and sonicated for 5 minutes then in DI water and

sonicated for 5 minutes. Then put in the oven for drying at 100 °C for 30 minutes.
e Cleaning the quartz tube of the CVD

The CVD quartz tube is cleaned using acetone or ethanol with tissues.
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Figure 49: Cleaning process steps
(a) The acid mixture on the hot plate; (b) Leaving the wafer to dry after RCAL and RCAZ2 cleaning; (c) The wafer
pieces after RCA1 and RCA2 cleaning; (d) A boat that will carry Sulfur and MoOQs3; (e) Wafer piece merged in the
solution; (f) Wafer piece and the boat when put in the sonicator at 45KHz frequency, temperature 0°C, and power
100%
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5.2.2 MoS; Synthesis

The synthesis of MoS; was processed using solution-processed precursor
deposition using CVD (Seravalli & Bosi, 2021). A solution of 1.042 pul of ammonia 32%
(@ammonium hydroxide (NH4OH)) +50 mg of molybdenum (VI) oxide (MoOs) were
mixed in a tube and sonicated for 5 minutes Equation (5.1). A 60 pl of the mixture was
distributed over the wafer piece equally using a spin coater and left to completely dry
then the wafer is put in oven for 20 minutes at 60 °C. After that the wafer chip is put on a

clean boat Figure 50b. A 60 mg of Sulfur is put in another boat Figure 50a.
7Mo0O; + 6NH; + 7H,0 - (NH,);Mo0,0,,.4H,0 (5.1)

The CVD quartz tube is cleaned using acetone and the two boats are put at distances
62 cm and 32 cm for the wafer piece and the Sulfur boats respectively Figure 51. The
temperature setting for the middle zone of the CVD is set as in Figure 52. The CVD tube
is vacuumed and cleaned using N2, where both the rotary and diffusion pump are used.
After reaching the required pressure (2.3x 10~ Pascal). The furnace was operated with
the middle zone while introducing N2 as a carrier to transfer sulfur to Silicon wafer that
has Molybdenum dropped solution over it. The N2 flow is set to 20 SCCM at the
beginning and increased to 70 SCCM when the temperature reaches 900 °C (processing

time).

(@) ()

Figure 50: The Sulpher and the MoO3 on chip
(@) 60 mg of Sulfur weighed in the boat; (b) A 60 pl of the solution (NHsOH+MoOs3) dropped over the chip and
put on the boat.
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Figure 51: The positions of the boats carrying Sulfur and Silicon wafer in the CVD
tube.
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Figure 52: The temperature settings of the CVVD middle zone furnace.

5.2.3 Experimental Results

The boundary structure of the grown MoS2 monolayer can be either triangular or
hexagonal (Cho et al., 2023; Li et al., 2020; Yang et al., 2022), the mentioned method in
chapter 2 provides hexagonal boundary. The grown MoS: is shown in Figure 53, where
there are a lot of Sulfur residuals. The chip was soaked in Toluene (C7Hs) for 1 day, then
sonicated for 15 minutes, then removed and left to dry Figure 54a, Some of the Sulfur

was removed however we still have some Sulfur residuals. The last step was emerging
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the chip in Ammonia for 3 hours, then sonicated for 15 minutes, and at the end washed
by DI water Figure 54(b, c). Now we have a nearly clean MoS, monolayers with widths

ranging from 18 to 200 pum.

(a) (b)

Figure 53: Different parts of the chip after growing MoS: using CVD; (a) In the
middle; (b) In the corner.

(a) (b) (©)

Figure 54: Different parts of the chip after cleaning with Toluene: (a) the Sulfur residuals
are still obvious in this part of the chip; (b) and (c) Chip with less Sulfur after Toluene
cleaning.
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Appendix

Detailed derivation of the refractive index n from permittivity €(w)

A(w) =+ e(w)

2(w) = €, (w) + i€y ()
(n(@) + ik(@))" = €.(w) + ie(w)
n?(w) - k*(@) + 2n(@)k(w) = & (w) + ie(w)
Equating the real and imaginary parts in (4) we get (5) and (6)
& = n*(w) — k*(w)

€;(w)

2n(w)

€; = 2n(w)k(w) - k(w) =

Substituting (6) in (5) to solve for n(w) as a function of permittivity

€;(w) )2

er(@) = n2(w) - <2n(w)

4n%e.(w) = 4n*(w) — €2 (w) - 4n*(w) — 4n’e, (0) — € (w)

n(w) = (4€,(w) £ /16€2(w) + 16€2(w)) _ e (w) N 1

8 2 T2

The effect of applying vertical electric field on the band gap of monolayer MoS;

- Jez(w) te2(w)

(1
(2)

(3)
(4)

(5)

(6)

(7)

(8)

(9

The effect of applying vertical electric field on monolayer MoS> was checked

using Quantum Espresso. There is a noticeable decrease in the band gap when applying

1 V/I°A which is equivalent to 6.5 V for a monolayer of thickness 0.65 nm. And the band

gap vanishes at 10 V/A (65 V). Since we are applying very small voltages compared to

these ones the change in band gap will be very small and it will not affect the band gap

and so inter-band transitions doesn’t exist. That emphasizes the role of intra-band

transitions and the correctness of the Drude model in our case. The calculation was done

using Burai a graphical user interface for quantum espresso based on density functional

theory (DFT) and with a structure of 48 atoms as in Figure 1.Aa. The band gap
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calculations in Figure 1.Ac showed an identical band gap structure with that proposed in
(Gusakova et al., 2017) Figure 1Ab that used DFT with local density approximation
(LDA) and generalized gradient approximation (GGA). The study showed a band gap for
MoS: of 1.88 eV, while the one in our structure is 1.65 eV which is quite near. Figure
1Ad shows a decrease in the band gap to 1.02 eV when increasing the applied voltage to
1V/A with slight variation in the conduction band structure (bands are getting nearer at
some positions) that may facilitate the intra-band transitions. This is also similar to the

band gap calculations of bilayer MoS; in (Liu et al., 2012).
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Figure A.1: The effect of adding vertical electric field on monolayer MoSz: (a) The
MoS: structure used; (b) The band gap structure as proposed by (Gusakova et al., 2017)
(c) The band gap structure at no applied vertical electric field; (d), () the band gap
structure at 1 V/A; (c) at 10 V/A
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Figure A.1 (continued): The effect of adding vertical electric field on monolayer MoS::
(@) The MoS; structure used; (b) The band gap structure as proposed by (Gusakova et
al., 2017) (c) The band gap structure at no applied vertical electric field; (d), (e) the
band gap structure at 1 V/A; (c) at 10 V/A
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Figure A.2: Band gap structure for bilayer MoS, for A-A’ and A-A stacking: (a) At
0 V/A (b) 1 V/A (c) Electron density (isovalue,0.1 au) at the I point of the valence
band under vertical electric field of 0 V/A (Liu et al., 2012). Reproduced with
permission. Journal of physical chemistry, ACS 2012.
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Figure A.2 (continued): Band gap structure for bilayer MoS; for A-A’ and A-A
stacking: (a) At 0 V/A (b) 1 V/A (c) Electron density (isovalue,0.1 au) at the T point
of the valence band under vertical electric field of 0 V/A (Liu et al., 2012).
Reproduced with permission. Journal of physical chemistry, ACS 2012.

Comparing the dispersion frequency of MoS and graphene nanoribbons

The plasmon dispersion of MoS, and graphene nanoribbons is compared
according to the work in (Popov et al., 2010a), where vertical incident wave is used to
excite the nanoribbons with an angle 6 between the normal to the nanoribbon’s plane

and the nanoribbons. The dispersion frequency is defined according to

Where N, is the 2D electron concentration, v is the electron relaxation rate, and m* is
the electron effective mass. For graphene N,p, = 102¢m™2 and v = 1.32 x 1013571
and m* = 0.002 x m, where m, is the electronic mass taken as 9.1 x 10731 and for
MoS2, N,, =2.5x10¥cm™% as n-doped, v =588x10%s"1 and m*=
0.53m, (Reshetnyak et al., 2018), q is the electronic charge The external wave has a

propagation vector k and an angle 8 between the nanoribbon array direction and the

wave vector k. The plasmon dispersion of MoS: nanoribbons is very low compared to
graphene even at high carrier concentrations N,, = 2.5 x 103 cm™2 (n-doped). This

assures the transmission property of MoS: in the THz range.
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Figure A.3: Comparison between graphene (circle markers) and MoS; (solid lines); (a)
Plasmon dispersion; (b) decay rate. For MoS; v =5.88235x 102 s~1, m* = 0.53 X
my, Nop = 2.5x 103 cm™2, for  graphene v =1.32x103s71,m*=0.002 x
my, N, = 1012 cm™2 (Popov et al., 2010b; Reshetnyak et al., 2018)

Calculating the resistance and capacitance of the RLC circuit of graphene from optical
conductivity
The intra-band and inter-band transitions in Equations (2.26) and (2.27) can be re-

represented in real and imaginary parts as (3), and (6) where
iq?A

o; w) = 1
nra(©) = e (1)
Where A is defined as (2)
__He_
A=uc+2KBT><ln<e KBT+1) (2)
multiplying (1) by its conjugate we have o;,,;, (w) as real and imaginary parts
2 2 2
_ q°At . wq-At
Ointra(®) = nh?(w?12+ 1) + lnhz(wzrz +1) 3
Ointer CaN be represented as
qZ
Ointer (@) = i——= X In(a + ib) (4)

4th

Where a, and b are
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_ Qlud0? = (ot =82 —4lplh

= 5
22|u,| + hw)? + A% 2(2|pe| + hw)? + A2 )
The equation in (4) can be represented as
2 1 b
= 2 2 : -1(Z
47m*(zln(a + b*) +itan (a))
__a (b ) . a° 2
= 47Thtan + l8 hln(a + b*) (6)
The total conductivity of graphene o;,.4;(w) is then represented in real and imaginary
parts as
T q°At _a tan™? (é>
total ™ mh2(w2t2 +1)  4mh a
([ wq’Ar? qz
l b? 7
i (nhz(w 272 + 1) n(a® + )) (7)

8q2At — 2q*h(w?t? + 1)tan™t (g)
Trotar = 8mh2 (w212 + 1)

L(8wq2AT + g% h(w?t? + 1)In(a? + b?))

8
8mh?(w?t? + 1) ®
The inverse of the conductivity o/, is as follows:
2 2.2
ool = 8rh*(w*t” + 1) ©)
ora X+iY
Where X and Y are defined as:
b
X =8q%A1 — 2¢*h(w?1* + 1) X tan™?! (E) (10)
Y = 8wq?At? + q* h(w?t? + 1) X In(a? + b?) (11D
The real and imaginary parts of ,,,; are then calculated as follows:
8rh?(w?t? + 1) X <8q2AT —2q¢*h(w?t? + Dtan™? (g))
Re{o_t_o% = XZ + Yz (12)
87'[1‘12 w?T%+1)x(8wq?AT% +q?% h(w?T%+1)in(a?+b?
Im{orl) = (e 1) (B A+ Mo Yinfa +7) (13)

104



Gaaiall dy=ll Cljlall usz.olg
United Arab Emirates Umvemty

UAEU DOCTORATE DISSERTATION NO. 2024: 28

THz technology is a promising technology that is going to completely change our
lives, starting from the high speed and resolution communications through our
daily life to the most sophisticated electronics. This thesis proposes suitable
electronic and optical structures and materials that can catch up with this
technology.

Omnia Darwish received her PhD in Electrical Engineering from the Department
of Electrical and Communication Engineering, College of Engineering at UAEU,
www.uaeu.ac.ae UAE. She received her Master of Science in Engineering from the College of
Engineering, Ain Shams University, Egypt.

Online publication of dissertation: (i‘)
https://scholarworks.uaeu.ac.ae/etds/ '



	GRAPHENE 2D HETEROSTRUCTURES FOR THZ APPLICATIONS
	COE PhD Front-Back Cover.pdf
	Omnia-Thesis 2 Signatures.pdf
	Omnia Samy CGS review - Reviewed by Muhammed Shittu on 29.6.2024.pdf
	Title
	Title
	Declaration of Original Work
	Advisory Committee
	Abstract
	Title and Abstract (in Arabic)
	Author’s Contribution
	Author Profile
	Acknowledgements
	Dedication
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Chapter 1 : Introduction
	1.1  Overview
	1.2  Statement of the Problem
	1.3  Research Objectives
	1.4  Relevant Literature
	1.4.1 Plasma Oscillations
	1.4.2 2D Materials Properties, and Plasmonic Oscillations
	1.4.2.1 Graphene
	1.4.2.2 MoS2
	1.4.2.3 Phosphorene
	1.4.2.4 Hexagonal Boron Nitride h-BN

	1.4.3 MoS2/Graphene Heterostructures
	1.4.4 In-Plane Graphene/Phosphorene Heterostructure
	1.4.5 Opening the Band Gap of Graphene
	1.4.6 Hall and Edge Effects
	1.4.7 Two-Dimensional (2D) Materials Synthesis
	1.4.8 Previous THz Absorbers


	Chapter 2 : Methods
	2.1 Theoretical Approach
	2.1.1 The Dielectric Function of Plasma (Free Electron Gas)
	2.1.2 Intra-band and Inter-band Transitions
	2.1.3 Optical Conductivity of Graphene (Kubo Formula)
	2.1.4 Optical Conductivity of MoS2 and Phosphorene (Drude Model)
	2.1.5 The Operating Point of Phosphorene

	2.1 Modeling and Simulation
	2.2.1 Structure and Design
	2.2.2 Graphene and MoS2 Heterostructure
	2.2.3 Graphene, Phosphorene and MoS2 Structure


	Chapter 3 : Results
	3.1 MoS2 Nanoribbons on SiO2
	3.2 Graphene Nanoribbons on SiO2
	3.3   MoS2/Graphene nanoribbons Heterostructure on SiO2
	3.4 Phosphorene Nanoribbons on SiO2
	3.5 The Proposed Structure (MoS2/Graphene-Phosphorene- MoS2/Graphene)

	Chapter 4 : Discussion
	4.1  Validating the Novelty of the Structure
	4.2 Interpreting Results using the Transmission Line Circuit Theory

	Chapter 5 : Conclusion and Future Work
	5.1  Conclusion
	5.2  Future Work (Synthesis)
	5.2.1 Cleaning Process before Synthesis
	5.2.2 MoS2 Synthesis
	5.2.3 Experimental Results


	References
	List of Publications
	Appendix


