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ABSTRACT

This thesis mainly focused on the design and development of graphene based
metasurface and production of graphene with characterization. In present existing systems,
the copper was conventional radiating material which was mostly used; it has some
disadvantages like oxidation. low working temperature range, circuit instability, dielectric
problems. not that much flexible and less conductivity. The demand for miniaturization,
energy efticiency, flexibility, long life, bio-degradable and non-toxicity properties of device

were now given high priority in research to give sustainable life to future generations.

The above most of the goals were full filled by Nano-materials, mainly using graphene
which has excellent electrical and thermal conductivity, ballistic massless transport, excessive
electron mobility, dynamic tuneability by applying chemical potential, zero band gap
structure. supports spoof surface plasma polariton, transparency, mechanical robustness and
flexibility, strongest and thinnest material, large surface area, high melting point and light
weight material. So making of the graphene‘ in our lab using Chemical Vapour Deposition
and characterized using FTIR spectroscopy was done and got results that shows C=C bonding
along with some other bonds on substrate which denote alkane, carbon dioxide, alcohol,
Cyclic alkene and ester compounds were grown on Substrates and finally concluded that
graphene was not formed on any substrate. The design and fabrication of a graphene based

metasurface with four leg Jerusalem shape was done and the resonance frequency 10.16GHz
result was matched with reduced band width.

\
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CHAPTER -1
INRODUCTION

1.1 Chapter overview

This chapter presented the brief history, definition, basic properties and applications
of Nano materials (section 1.2). In section 1.3 mainly dealt with the definition of graphene,
special characteristics and applications of graphene. In section 1.4 focused on the motivation

behind the thesis and finally in section 1.5 gave the details of organisation of thesis.

1.2 Introduction to Nano materials
1.2.1 History of Nano materials

Nano-materials (NMs) were used for the first time in the fourth century AD with the
iconic Lycurgus cup, which was composed of dichroic glass, as shown in fig. 1.1[1]. It
displayed red in light that was transmitted (because to the gold nanoparticle) and green in
light that reflected (thanks to the silver nanoparticle). Later, it became clear that NMs
were utilized in 18th-century Tipu Sultan's sward (made with wootz steel) and Damascus
swards (made with Au & Ag) [2]. Michel Faraday investigated various gold solutions in 1857
and came to the conclusion that the diverse hues were caused by various gold particle sizes
[3]. Gustav Mie outlined the optical characteristics of gold nanoparticles in 1908, and
subsequent mie theory describes how homogenous spherical nanoparticles deflect
electromagnetic waves [4].

The Lycurgus cup

Fig 1.1: [1] A) Green colour due to reflected light from silver, B) Red colour due to transmitted light from gold.



When Rechard Zsigmondy used a microscope to calculate the dimension of gold
colloidal particles in 1925, he coined the term "Nanometre” [5]. The eminent scientist
Rechard Feynman initially proposed the concept of nanotechnology during his 1959 address,
"There is a plenty of room at the bottom," delivered at the American-Physical-Society
meeting at the California Institute of Technology [6]. He described the potential for
producing tiny devices and items with atomic precision. Taniguchi, a Japanese physicist,
coined the word "nanotechnology"” for the first time in 1974 [7]. The primary processes
involved in nanotechnology involve the separation, consolidation, and manipulation of
materials by a single atom or molecule. At the IBM Zurich Research Laboratory, Gerd
Binning and Heinrich Rohrer developed the scanning tunnelling microscope, which gave rise

to modern nanotechnology [8].

1.2.2 Definition, properties and application areas of Nano materials

Sustainable development was that meet the needs of the present without harming or
compromising the ability of future generations to meet their own needs, to achieve this goal,
technologies evolving day to day. Since recent developments in material theory and
manufacturing technology in NMs which had at least one dimension in between 1-100nm
with size dependent variation in properties, i.e with their special properties like small in size
(Nano scale), speed of operation, low operating power, highly-integration, bio degradable and
environmental friendly (some of NMs) this led to use of NMs in various fields such as
electronics, communication, physics, chemistry, energy storage — production — conversion,
agricultural productivity enhancement, water treatment and remediation, disease diagnosis
and screening, drug delivery systems, health monitoring, food processing and storage, air
pollution remediation, construction and biology of modern science. There were so many
Nano materials found in this world after invention of scanning tunnelling microscope. One of

such a material was graphene.
1.3  Definition, special characteristics and applications of graphene

Graphene was a first 2D-documented honeycomb shaped mono layered SP?
hybridized semi metal natured carbon allotrope material discovered by using method of
scotch tape from graphite by Novoselov and AK Giem [9-11] in MIT lab in 2004 for which
they got Nobel Prize in 2010. This discovery led scientist to open new area of research in 2D

Nano materials which was a remarkable revolution in electronics.



The highlights of the graphene was that, it had excellent electrical and thermal
conductivity, ballistic massless transport, excessive electron mobility, dynamic tuneability by
applying chemical potential, zero band gap structure, supports spoof surface plasma polariton
[SSPP], transparency, mechanical robustness and flexibility, strongest and thinnest material,
large surface area, high melting point and light weight material led to prominent applications

in different fields of science.

Due to its high carrier mobility at room temperature it was used in making of
transistors [12] which exhibits high cut off frequencies. It had best electrical-mechanical-
optical properties led to application as a photocatalyste [13-15]. It was used in solar cells,
storage batteries and super capacitors as it had high surface area [16-17]. As it was Nano
material i.e small in size it’s used as membrane in water filter technology [18]. It had
excellent thermal-electrical-optical properties, so it was used in biosensors [19, 20]. Due to its
special properties like high conductivity and biocompatible nature it was used in drug
delivery system [21]. With low toxicity and strong absorbance at near infrared property of
graphene, it was used in photo thermal therapy and imaging applications [22]. Duo to its
thinnest and anti-corrosion property it could be used in coating and paintings [23]. Graphene
had best conductance duo to its high carrier mobility and also had flexibility, transparency
and Spoof Surface Plasmon Polariton (SSPP) properties, it has different frequency
applications in microwave-frequency range and in terahertz frequency range. In microwave-
frequency range, like Wearable antennas [24, 25], RFID antennas [26, 27], Sensors [28],
Filtering power divider [29], Attenuators [30], Absorbers [31] and EMI shielding [32]. In
terahertz range also it used as Absorbers [33, 34], Antenna [35-38], Filters [39, 40], FSS [41-
43] and metasurfaces [44-46].

1.4 Motivation

As the world travelled toward the most advanced technologies like 6G
communications and internet of everything with applications in civil, military, air traffic
control, maritime vessel traffic control, defence tracking, satellite communication and
weather monitoring in X-band, as the X-band had advantages like lower chance for
atmospheric interference, great spectral efficiency, handle with high power, less rain fading
and reducing antenna size. These technologies frequently used Frequency selective surfaces
and metasurfaces to achieve goals like high coverage area, high efficiency, eco-friendly, bio



degradable, low weight, heat dissipation capability, low power consumption, dynamic
controllability. The copper was generally a conventional radiating material which was mostly
used in above applications but it had some disadvantages like oxidation, low working
temperature range, circuit instability, dielectric problems, not that much flexible and less
conductivity compared to graphene. There were also other conventional materials like gold
and silver which exhibit plasmon property with higher plasma frequency without tuneability.
Therefore graphene selected as material to overcome above disadvantages, and try to
manufacture graphene using chemical vapour deposition method and designed a graphene

based metasurface for X-band applications.

1.5 Outline of thesis

This introduction chapter discussed the brief history, definition, features and
applications of both Nano materials and graphene along with motivation behind the work. In
chapter 2 discussed the some literature reviews regarding history & basics of graphene and
frequency based applications of graphene from microwave to terahertz. Chapter 3 presented
the detail background of graphene i.e its basic structure, kubo formula for graphene
conductivity, preparation of graphene, characterization of graphene and finally discuss about
metasurfaces. Chapter 4 was about making of graphene using chemical vapour deposition and
FTIR spectrum of graphene grown samples. Chapter 5 was about simulation of graphene
based X-band metasurface and making metasurface with results. The conclusion comments
along with future scope of this work presented in chapter 6.



CHAPTER -2
LITERATURE REVIEW

2.1 Chapter overview

This chapter discussed about the brief history of graphene in section 2.2. In section
2.3 explains the general applications of graphene. Section 2.4 emphasised the concepts of
basics of Plasmon in metals and surface waves and Spoof Surface Plasmon Polariton
concepts. In section 2.5 dealt with the applications of graphene from microwave frequency to

terahertz range in section.

2.2 Brief history of graphene

The existence of purely two-dimensional (2D) Nano-crystals was disputed by Landau
and Peierls due to their thermodynamic instability [47]. According to their idea, thermal
variations in flat dimensional crystal structures should cause atom displacements that were
similar to interatomic lengths at any limited temperature. Mermin [48] later expanded the
thesis, and his findings from experiments provide a compelling counter argument. In fact,
thin films lost their ability to melt quickly as their thickness declines, and at an average
thickness of tens of atomic layers, they start to breakdown or split into islands [49, 50]. Due
to this, atomic single layers were only ever fully understood as a component of larger three-
dimensional structures, typically produced epitaxially on the top of single crystals with
complementary crystal lattices. Before 2004, it was believed that 2D materials did not exist
since they lacked a 3D foundation.

As semiconductor industry come to end of the performance improvement, with
background knowledge of Nano materials like fullerenes, carbon Nano tubes, K.S. Novoselov
and AK Giem of Russian scientists invented the few layered graphene (FLG) by repeatedly
peeling of carbon layers from structurally arranged pyrolytic graphite surface [9] in 2004.
With this invention they designed a field effect transistor and found that carrier mobility of
FLG was depend on applied gate voltage so that the conductivity also varied. They also
observed that small overlap between valance and conduction band of this type of thin layered
(2D materials) metal structures which depends on the electric field doping. Following fig 2.1
shows atomic force microscope and scanning electron beam microscope images of FLG and

designed field effect transistor on oxidised SI wafer. In 2005 K.S. Novoselov et.al



investigated the possibility of stability of 5 different single layered 2D crystals and found that
they exhibit high crystal quality under ambient conditions [10]. In the same year the authors
[11] found that the conductivity in the graphene due to massless Dirac fermions with
effective speed of 10° m/s and also linear dispersion relation in band diagram.

20 um

T

Fig.2.1: [9] Graphene films. (A) Photograph of multilayer graphene flake on top of an oxidized Si wafer. (B)

Atomic force microscope (AFM) image of flake near its edge (C) AFM image of single-layer graphene. (D)
Scanning electron microscope image of experimental devices prepared from FLG. (E) Schematic view of the

device in (D).

2.3 General applications of graphene

Frank schwierz [12] summarised that the application of graphene in transistors and
how graphene based FETs were evolved and compered the band gap structures of single and
bi layered graphene transistors with semiconductor based transistors, He also analysed the cut
off frequency of above different transistor, finally concluded that as graphene was 2D
structured material with high conductivity, so it offers thinnest possible channel when
compared to others.

Li et al. [13] used their experiment to demonstrate the catalyst property of graphene
composites and came to the conclusion that on graphene-ZnxCdixS composites with
controlled composition, high-efficiency visible light driven photo catalytic H. production was

accomplished without the aid of precious-metal kind catalysts. Under exposure to visible



light and without the use any kind of co-catalyst, the Hz-production efficiency achieves its
greatest value of 1.06 mmol h'g™ in the combination with a graphene concentration of 0.5
wt%. Later, Qin Li et al [14] summarised the Nano composite material photocatalyste
characteristics of CdS/graphene and noted that due to the strong synergetic connection among
graphene and the CdS, the CdS/graphene mixtures exhibited greater photo-catalytic
behaviour and photo-stability compared to the bare CdS-semiconductor. The studies were
continued on the r-graphene oxide and as it has a greater area of contact and a higher electron
density than other semiconductor specimens, when it was mixed with ZnlIn,S4 properly and
then used as a photocatalyst's that gave greater efficiency in order to strengthen the capacity

to produce hydrogen gas [15].

In this article [16], the authors built a wide-spectrum solar cell using a substrate made
of refractory metal and shell-shaped graphene based hollow Nano-pillars (HNPs). The
refractory metal was used for impedance matching and HNPs were used for obstruct the
transmission, which resulted in effective energy absorption with 95%. The authors further
claimed that the aforementioned equipment was heat and weather-resistant. The graphene
was also used for the electrode and storage applications [17] Maher F. El-Kad et.al explained
use of graphene as electrode and in energy storage device with special features like flexible,
stretchable and twistability with long life. Graphene also used in super capacitors without
compromising high energy density with crystal stability and it can also recyclable and long

lasting energy storage device.

The Nano porous graphene layers can able to oppose the salt-ions while passing the
water flow at permeable several order of magnitude greater than existing RO membranes. By
modelling saltwater circulation across various chemical functionalization and pore diameters,
David Cohen-Tanugi and Jeffrey C. Grossman [18] developed that desalination processes

performance was most susceptible to pore chemistry and pore size.

The graphene was also used in much application in medical science. With the help of
graphene Nano-meshes, Omid Akhavan and Elham Ghaderi [19] have developed an
incredibly effective in vivo photo-thermal cancer therapy. In order to achieve 100%
efficiency, scientists concurrently irradiated an in vivo tumour with an ultralow power of the
laser and an ultralow percentage of infused rGO-based composites. The results of their

research showed that the most potential nanomaterial for the creation of extremely effective



cancer detection and treatment with minimal side effects was rGONM-PEG-Cy7-RGD
(graphene composite). Bio sensors were designed using graphene oxide, Because graphene
oxide exhibited unique properties like being capable of directly interact with biomolecules,
chemical substances and electronic configuration with heterogeneity, the capacity to operate
in solution and the potential to be altered as an insulator, semi-metal, or semiconductor,
Mercosi et.al [20] utilised graphene oxide as the lattice structure for bio sensing. A number of
unheard-of optical bio sensing uses were now possible thanks to GO, which was
photoluminescence with the transfer of energy between donor/acceptor particles exposed on a
surface that was planar. Sun x et.al [21] addressed the fact of environmentally friendly Nano-
GO in a variety of sizes was produced for use in medication delivery systems. The visible to
infrared photoluminescence characteristic of an NGO was discovered and utilised for cellular
imaging. Anti-cancer drugs had been loaded upon high-capacity NGO and transported to
specific cancer cells by utilising antibody directed targeting. Zhang H et.al [22] explained
that strong near-IR absorbance and good photo-thermal effect of GO/BaGdFs/PEG composite
made it an excellent photo-thermal agent in in-vivo photo-thermal cancer treatment. From
their work they suggested that the GO/BaGdFs/PEG Nano-composite have great potential

application in MR/CT biomedical imaging-guided photo-thermal therapy of cancer.

The graphene composites were also used for anti-corrosion element as it had strong
chemically stable property. Yuan-Hsiang Yu et.al [23] conducted a series of electrochemical
studies on the protection of corrosion properties of the Polystyrene (PS)/graphene-based
Nano-composite films; they found that the PS/pv-GO Nano-composites provide substantial

improvements in corrosion protection efficiency over that provided by pure PS.

2.4 Reviews on Plasmon-Surface wave-Spoof Surface Plasmon Polariton

R.H Richie [51] assumed that in a metal, the Fermi Dirac gas was constituted by
conduction electrons, fast electrons going through less fractional energy and small amount of
momentum change. With these assumptions he highlighted that angular-energy distribution
of fast electron was losing energy to conduction electron. This distribution explained that
both individual and collective interaction characteristics of electron in thick foils of metals.
As foil thickness decreases energy losses increased per unit thickness. The fourth state of
material was called plasma. Plasmon was the oscillations of electrons in plasma. C.J Powell

and J.B Swan [52] examined the energy loss of electron in thick layers of aluminium with



high surface purity by transmission and Reflection (for surface properties) type experiments,
they explained that the loss had two components, first loss was due to bulk material plasma
excitation find in transmission type experiment and second loss called low-layer loss due to
surface layer phenomena. If graph drawn between the ratio of plasma loss to the low-laying

loss to average thickness for electron energies 760eVand 1510eV as shown in fig 2.2

2.2¢
—20%
1l
<]
'ELLB B
L
<]

I.6}F

1.4 . . A o

o 5 10 15 20 25

FILM THICKNESS (A)

Fig 2.2: [52] The ratio of plasma loss to low laying loss was function of thickness. Dashed line was for much

thicker films.

For thin films energy ratio was high and as thickness increases the energy ratio decreased and

finally becomes constant for any electron energies.

Surface waves that were exist at the interface between two different materials (free
space/dielectric to metals) with their field components decaying evanescently (shown in right
side of fig 2.4 (a)) away from the interface as shown in fig 2.3. In metals the normal
component of these waves were vanished by losing energy to the particles of metals. Wave
particle interaction was a process of exchange of energy takes place between waves and
particles in plasma at some constant frequency. This constant frequency was called plasma
frequency of that metal. Electrons in metal collectively excited by this wave particle

interaction process Surface Plasmon were formed.



Free space or
dielectric

Fig 2.3: Surface waves and surface charge at interface between metal and free space/dielectric.

When EM radiated wave (TM mode excitation) was incident on metal dielectric
interface as shown in fig 2.4 (a) with suitable incident angle, then this wave was interact with
electrons in metal and energy transfer takes place by wave particle interaction. Now free
electrons in metal were excited and try to come out from atom, but at the same time positive
ions were attracted these excited electrons in opposite direction resulting electron coherent
oscillations occurred as shown in fig 2.4 (b). Maximum energy transfer when the incident EM
wave frequency was equal to surface Plasmon resonance of metal. Surface Plasmon (SP) was
an electron coherent oscillation that exists at the interface between two materials where real

part of the permittivity changes sign across the metal-dielectric interface.
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Fig 2.4: (a) EM radiated wave incident on metal dielectric interface, (b) Coherent electron oscillations of metal

(Plasmon)

Low-laying reductions in energy on metal surfaces coated with an oxide coating were
addressed by E.A. Stern and R.E. Ferrell [53]. The incident radiation angle affected the low-
laying energy loss. The reflection angle affected the distribution of low-laying energy losses
as well. The intensity structure of the scattering occurred when the waves strike at an angle
(not in the usual direction). Low-laying losses energy was transformed into surface waves,
which produce excitement at the interface of two distinct plasmas. J.B.Pendry etal [54]
demonstrated that when the field was incident on structured surfaces, the surface Plasmon

exhibits arbitrary dispersion in frequency and in space.

Surface-Plasmon-Resonance (SPR) was a resonant oscillation of electrons that exists
at the interface between two materials where real part of the permittivity changes sign across
the metal-dielectric interface. Cecilia Noguez [55] mentioned that the physical environment
and shape of metal-Nano particles will affect the Surface-Plasmon-Response of that metal.
She considered shape of metal was function of number of vertices and faces. For different
shapes the graph between the incident light wavelength and extinction efficiency was as
shown in fig 2.5.
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Fig 2.5: [55] Extinction efficiency as a function of the wavelength of the incident light for the regular

decahedron and its truncated morphologies for parallel light polarization.

For star shape she got less extinction efficiency at higher wavelengths, for sphere shape, she
got extinction efficiency high at lower wavelength only. She also explained that the surface-
Plasmon-Resonance also depend on the physical environment like substrate used,
Nanoparticles and other media surrounding the metal layer.

The Spoof-Surface-Plasmon-Polariton (SSPP) were the surface electromagnetic
waves in microwave and Terahertz range that propagates along the planar interface between
two materials (with periodic hole structure). Graphene exhibits SSPP in microwave to
terahertz range. Qin p et.al [56] designed an artificial graphene based meta-surface which
controls the transport and emission of EM waves at microwave frequency. They observed
that Dirac cones located at corners of First Brillouin Zone (FBZ) in the momentum space of
present Spoof Surface Plasmon graphene when they were excited by dipole antenna as shown
in fig 2.6. As frequency raises low to high, the emission of wave front (E;) was changed from
concave shape to flat and then reached to convex as shown in fig 2.7 at different frequencies
(@ 7.57GHz, (b) 8.47GHz, (c) 9.76GHz, (d) 10.57GHz and (e) 11.47GHz and exhibits
negative group-velocity, Pseudo-diffusion characteristics and positive group-velocity.
Pseudo-diffusion characteristics feature was exhibited at Dirac frequency when SSPPs
travelling on meta-surfaces as shown in fig 2.7 at different frequencies (f) 7.57GHz, ()
8.47GHz, (h) 9.76GHz, (i) 10.57GHz and (j) 11.47GHz .
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Fig 2.6: [56] An electric dipole antenna was located at the left side of the meta-surface to excite the SSPPs, and
another electric dipole antenna was fixed at the arm of the 3-D movement platform to detect the z-polarized

electric field. The insets enlarge the source antenna and the detector electric dipole antenna, respectively.
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Fig 2.7: [56] Measured Ez field distribution and the corresponding isofrequency contours in the momentum

space at different frequencies.

Dinh Van Tuan and Nguyen Quoc Khanh [57] investigated the effect of temperature
on doped double layer graphene. They took two single-layer (carrier densities niand ny)
graphene with separated by distance d at certain temperature. Under n,=0 and d=0 condition,
there was a change in Plasmon dispersion modes when compared to zero-temperature. i.e
when there was no carrier density in second layer without separation distance between two

layers, then also plasmon property was not equal to single layer plasmon with equal density
().

Podunavac et.al [58] designed a sensor based on SSPP concept for liquid analytic

purpose. The sensor was produced using a hybrid manufacturing technique that includes
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xerography, laser micromachining, and layer lamination. Dielectric constants of the oil-based
samples were identified to be compared to those in the literature in order to confirm the
sensing capability in a real-world scenario. It was demonstrated that the sensor outperforms
alternative options with regard to cost, sensitivity, and fabrication complexity. It can detect

small amount of changes in dielectric constant in liquid analytics.

2.5 Reviews on Frequency based applications of graphene

Inum R et.al [59] designed graphene based three tapered-slot-antennas (TSA), i)
Linear TSA, ii) Exponential TSA (Vivaldi), iii) Constant width slot antenna using 35um thick
single-layer-graphene as a radiating element. Among all three Vivaldi antenna provides high
gain at low frequency region which was used in brain tumour detection. Zainud-deen et.al
[60] designed a wide band impedance matching magneto-electric antenna (ME antenna)
using Graphene with circular polarization. They also examined that the operating band width
was depends on chemical potential of graphene element. As graphene conductivity increases
the radiation efficiency and peak gain also increased. High isolation between ME antenna
elements was achieved when they fit in octagonal array. By changing the chemical potential

of graphene, electronic beam switching could be easily achieved.

Zhang et.al [61] designed a small size antenna (50mmx50mm) operating at 3.13 —
4.42GHz band with flexible-graphene film which was used as a wearable wireless RF sensor.
They get good Omni-directional pattern of radiation. The miniaturization of sensor was
achieved with high sensitivity under compressive bending (sensitivity 34.9) and tensile
bending (sensitivity 35.6), after 100-cycle test of bending the sensor gave good stability in
both structurally and mechanically which was useful for health and motion detection of
human. There was another antenna designed for human motion detection by Sindhu et.al [62]
with rectangular shaped flexible patch antenna using laser induced graphene. The antenna
operating at 5.8GHz with gain of 1.8dBi and gave high sensitivity of 14.8 with fewer
dimensions. When the antenna was folded the frequency (normalised) was increased and
when unfolded the frequency (normalised) was decreased. It showed that when strain was
applied the frequency changed. By using biodegradability property of graphene, Nemet A
et.al [62] described that biodegradable textile based eco-friendly antenna for 5G
communication which was designed on fabric substrate using graphene. The antenna was
operating at band 3.3 — 3.8GHz with efficiency of 64%. Antenna showed stable performance

when it was subjected to conformity.
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Pierantoni L et.al [64] analysed a simple patch antenna using graphene as a conductor
with medium losses. They took graphene surface impedance less than 10ohm and finalised
radiation pattern was as similar to metal antenna when graphene surface impedance was
small. They also suggested that an easy method to regulate the outcome of the array factor of
a structure composed of tightly spaced graphene-patches was by changing outside bias to
tune the coupling among antennas.  With this concept, Zheng B et.al [65] designed an
antenna array using graphene which was used for mm wave technology applications. The
antenna resonating at 28GHz with minimum Sy; of -49.87dB and impedance bandwidth of
1.1%, which had an advantages like flexibility without deformation, less material density

and small in size.

The graphene exhibited high flexible property compared to the copper, so Hao-Ran
Zo et.al [24] designed and fabricated a graphene based circularly polarised wearable antenna
operating at 5.8GHz and tested. They found that reflection coefficient retained below -10dB,
axial ratio (<3dB) band width covers 5.75-5.83GHz with gain varying from 5.6-6.1dBi. The
SAR peak was 1.02W/Kg with human tissue 1grm and 0.947W/Kg for human tissue 10g
which was within the limit of international standards. Isidoro I L, et.al [25] created a planar,
upside cone-shaped antenna patch with CPW-fed growth of numerous layers graphene on a
cellulosic textile substrate. The maximum operational bandwidth in both free-space and on-
human phantom configurations was 6 GHz (3- 9 GHz). There was a minor frequency tuning
issues in the performance whenever the antenna was bent, but it was insignificant given the
vast operating frequency range of the antenna. In summary, they found that the suggested
design had benefits like lightness, wash ability, and performance benefits like an extended
radiation pattern with greatest coverage through the body, less radiation to the body due to

maintaining a full ground plane, and stability was subject to antenna bending.
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Fig 2.8: [25] a) CAD designed model of antenna with dimensions in mm, b) Antenna prototype.

The authors [26] designed different RFID tags operating in UHF using both graphene
and copper found that the interrogation distance was limited for graphene based tags

compared to copper based tags from the following table.

Table 2.1: [26] Comparison of interrogation distance between different UHF RFIDs.

Tag A TagB TagC TagD TagE
leduclivel GNP (NP2 (NP2 copper copper
track material (R,=1500) (R,=100/0) (R=1000) (k=07 m0) (R,=0.7mQ/0)
Chip
attachment silver-hased silver-hased silver-hased colderin silver-hased
method conductive epoxy conductive epoxy conductive epoxy & conductive epoxy

Substrate kapton foil (=100 pum)  kapton foil (t= 100 um) paper (= 200 um) kapton foil (=100 ym) ~ kapton foil (=100 ym)

No. of tags
bt . : 5 5 5
Interrogation 2145 (5.65) 216em(5.22) 115%3em (3.70) 204 cm 171£22 em (22.67)

distance (sid)

Mitra Akbari et.al [27] designed graphene ink based a RFID tag with interrogation
distance 5m at 950MHz. The realized gain of this dipole was 2.18dBi with 40% efficiency.
The performance of RFID could be further improved by tuning tag antenna parameters like

input feed gap and length and width of tag antenna.

The authors [28] explained the application of graphene in different sensors like
electrochemical sensors, strain sensors and electrical sensors. They also compared the

different research papers of sensors and highlighted the performance parameters. They
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addressed that there some challenges like production of quality graphene, graphene was
vulnerable to oxidised in oxidative environment and electrical and thermal conductivity may
decreased in some environmental conditions. Limitations of graphene were also discussed in

as shown in following table.

Table 2.2: [28] Limitations of graphene for sensor applications.

SI. No. Limitations

1. The maximum photo-responsivity of graphene photodetectors is low. This is
due to the small detection area of the graphene sheets and the very short
photo-generated carrier lifetime.

2. It is susceptible to oxidative environments, Thus, it cannot be used as a
catalyst in redox reactions.
3. Point defects are present in graphene due to its sp? hybridizing property

which results in the formation of various non-hexagonal structures. This alters
the electro-mechanical properties of the resultant electrodes of the sensors.

4, Even though a lot of graphene-based strain sensors have been developed in
the laboratory environment, the stretch-ability is still insufficient due to the
defect density in its structure.

5. The presence of multilayers in graphene sheets results in interlayer sliding,
leading to a difference in crack densities.

6. Defects occur in graphene's structure during its interaction with metallic
substrates.

7. There are oxides in the surface of graphene which affect the electronic and
chemical properties.

8. There are unknown cytotoxic limitations in graphene sensors which limit their
usage in bio-sensing applications,

9, A lot of parasitic effects are present in graphene which influences the response
of the graphene-based sensors,

10. The formation of different compounds with graphene changes its structural

composition on which when an external load is applied, producing fracture
lines, and increasing the number of dangling bonds in its structure,

Due to tuning property of graphene, Bian Wu et.al [29] discussed the first graphene-
based dynamically tuneable filtering attenuators and fabricated, they achieved good tuneable
attenuation and selectivity. The proposed device not only improve the degree of integration
but also reduces the insertion loss compared with cascaded devices of filter and attenuator,
which can find applications in the multifunctional RF front and the feed network of the
antenna array. Jianzhong Chen et.al [30] designed graphene based filtering power divider
with tuneable attenuator which was operated in 1.5 to 2.6GHz frequency range. By applying
external voltage it can be tuned more than 10dB with maintaining low reflection coefficient

in the same frequency.

Limin Ma et.al [31] demonstrated the five layered optically transparent microwave
broad band absorber by graphene and metal rings, They observed that experimental results
showed that 90% absorption in the frequency range 25.2—35.2 GHz, led to a bandwidth of
greater than 90% absorption of up to 10 GHz, as maximal absorption approaching 99% and
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an good optical transmittance of 76—78% at 400—1100 nm. These good results were due to
multiple reflections and absorptions resulting from the rational layout of the structure, along
with impedance matching resulting from the suitable sheet resistance of graphene. This study
led to developing multifunctional electromagnetic shielding systems and novel optical
microwave components. Papari Das et.al [32] explained the EMI shielding properties and
mechanisms of graphene products like graphene aerogels, graphene polymer composites,
doped graphene, graphene polymer composite foams and free standing graphene films varied
depending on different temperatures of thermal treatment, percentage of doping, compression
pressures and thickness of graphene film. The EMI shielding efficiency of graphene was high

for graphene aerogels (135dB).

Qihui Zhow et.al [33] demonstrated a tuneable broadband meta-material terahertz
absorber with a transmission band, 3-layered sinusoidal shaped graphene layer, SiO>
substrate and gold FSS. The absorptivity controlled by chemical potentials of graphene with
tuned from 0.4 to 0.9 within 0.5 THz to 1 THz. As EF rises from 0 eV to 0.3 eV, the pass
band was stabilized at high transmission over 0.7. Because of controllable absorption in the
transmission band, this design had the applications like EMC, stealth, and filtering relying on
the anti-jamming capability and low loss for the normal signals. Laxmi Narayana Deekonda
et.al [34] explained about design of 3 —layered graphene-based broadband meta-material
terahertz absorber with a circular graphene ring on top which was used to enhance the
bandwidth and gold as ground separated by SiO> substrate layer. Their structure gave a
bandwidth of 67% for absorption with more than 90% and a bandwidth of 46% for absorption
greater than 98%.

Sergi Abadal et.al [35] designed a graphene based terahertz antenna with unique
features like miniaturization and tuneability with stacks containing multiple graphene
monolayers and thin dielectric layers shows same trade-offs between different performance
features. This analysis gave the design of antennas for size dependence applications, as
Software defined meta-material may tolerate higher loss by compromise for miniaturization,
whereas Wireless network on chip may give priority to performance and configurability over
miniaturization. The authors [36] presented an efficient flexible tuneable antenna design for
terahertz frequencies band i.e 4.546 THz, 4.636THz and 5.347 THz by changing the chemical
potential and relaxation time. The authors observed that by changing the chemical potential
led to increase the BW from 199GHz at 0.2 eV to 314GHz at 0.4 eV. On the other side,

chemical potential had affected the radiation pattern by increasing the side lobe and
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compromising the directivity of the proposed design. They also compared the substrate
material on the antenna performance; graphene antenna on polyamide substrate gave the
maximum Sy; of - 42 dB. Mohammad M. Fakharian [37] designed different configurations of
graphene based switchable multi-functional terahertz antenna as shown in fig 2.9 and
parameters like polarization, resonant frequency and radiation pattern varied by changing the
surface impedance of graphene by applied voltage witch was shown in the table 3. The

structure gave band width varied from 1.2 to 1.7THz with polarization changed at 1.4THz.
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Fig 2.9: [37] Graphene based multi-functional terahertz antenna.

Table 2.3: [37] Reconfigurability of antenna for different chemical potentials of graphene.

Antenna Chemical potential Reconfigurability
jiel (eV) e (eV) je3 (eV) Jed (eV) jies (eV) jich (V) pe? (eV)

Ant. 0 0.6 - - - - - - None

Ant. 1 0.4 0 0 Frequency

Ant. 2 0.6 0.6 0.6 0 0 0.6 0.6

Ant. 3 0.6 0 0 0 0

Ant. 4 0.8 0 0 0 0 0

Ant. A 0.6 0.6 0 0 0 0.6 0 Radiation Pattern

Ant. B 0.6 0 0.6 0 0 0

Ant. C 0.7 0.7 0 0.7 0.7 0 Polarization

Ant. D 0.7 0 0.7 0.7 0.7 0.7 0
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Amit Sharma and Dinesh Kumar Vishwakarma [38] developed graphene based square
shaped trucked terahertz antenna associated 5-element diamond structured multi-feed antenna
array operated at 6.45Hz. They observed smith chart variation as well as far-field parameter
analysis such as gain, axial ratio, directivity, radiation efficiency and compared with the
single element with the 5-element terahertz antenna array and finalised that array gave a
broadside radiation pattern, high gain (>13dBi), circularly polarization(AR BW>0.15THz) ,
suitable for inter-chip to inter-satellite terahertz communication systems, terahertz WLAN,
ultrafast nano-sensors for biomedical applications and missile guiding systems.

Meisam Esfandiyari et.al [39] designed a dual band stop filter and single band antenna
with tuning capability by varying the chemical potentials in terahertz band. They showed that
the resonance frequencies were at 0.01, 0.3 and 0.1THz in first and second band of filter and
single band antenna respectively when chemical potential varied from 0.4eV to 1leV. G
Challa Ram [40] designed a transmission line modelled band stop filter with open-circuit
stubs in terahertz regime with tuneability. The tuneability was achieved by changing width of
stub or by changing chemical potentials of graphene. They showed that 0.1THz tuning range
was achieved when graphene potential change from 0.3eV to 1eV.

Heng Zhang et.al [41] designed and fabricated the graphene based active FSS in
microwave frequencies, the graphene used as absorption layer to control the absorbility. They
achieved transmission of 81.7% at resonant frequency when there was no applied voltage.
When they applied external voltage of 3.6V to graphene layer then transmission coefficient
decreases to 25.2%. So the authors suggested that this structure may be used as on-off switch.
Chi Ma et.al [42] designed a graphene based novel FSS modulator and they compared the
results with numerical investigation. Their structure was combination of graphene, silicon
dielectric, FSS, silicon dielectric and graphene with modulation depth of 90% in the band of
0.23 to 0.6THz. This structure had application in medical imaging. Yao-Jia Yang et.al [43]
simulated six hexagonal graphene based FSS screen which surrounded the monopole
omnidirectional antenna shown in fig 2.10 for switchable with filtering in two bands. By
varying the chemical potential of graphene from 0OeV to 0.5eV, they achieved high
transmission (on state) and almost total reflection state in bands independently. So they

achieved 360° omnidirectional radiation and beam scanning in those bands.
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Gold pattern layer Gold pattern layer
Fig 2.10: [43] 3D view of Dual band beam steering THz antenna surrounded by graphene based FSS.

Hamidreza Taghvaee et.al [44] investigated the multi-wideband terahertz graphene
based metasurface for 6G communication applications. They combined different layers of
graphene, alumina, HDFE and gold to design the unit cells which produces Reconfigurability
of the local reflection phase at multiple frequencies by varying the biasing voltage of
graphene layers independently. They showed that beam splitting, beam steering, random
scattering, and collimation-functionalities were achieved at the different frequencies (i.e.,
0.65, 0.85, and 1.05 THz), which were defined by low atmospheric attenuation. The main

advantage of this metasurface was that it can be used for multiple applications.

Nianchao Li et.al [45] designed a grahene based polarization conversion metasurface
in terahertz band which converts the co-polarised wave to cross-polarised wave. Their
structure was composed of columnar metal and metal on polyimide with gaps filled by
graphene to get the controllability. When they adjusted the Fermi level of graphene they got
regulated the polarisation conversion from 95% to 25% from 2.1 to 3.6THz wideband.
Shuvajit Roy and Kapil Debnath [46] designed electromechanically tuneable graphene
plasmonic metasurface, in their design graphene membrane surface was controlled by applied
voltage. When they applied voltage up to 20V and got tuneability of 0.5THz in the band of 5-
6THz. they also found that the switching speed for different input voltage was limited by
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maximum resonance frequency. This structure has different applications like beam steering,

sensors, actuators and MEMS based detectors.

From the above reviews, the graphene was Nobel Nanomaterial in the world which
created tremendous opportunities for the researchers to design new devices which meets
current needs of technology in all field of science, so the basics of graphene discussed in the

next chapter.
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CHAPTER -3
BASICS OF GRAPHENE and METASURFACE

3.1 Chapter overview

This chapter discussed about the basic structure of graphene (section 3.2 and 3.3),
properties of graphene, surface waves on metals along with drude model for metal will be
discussed in sections from 3.3 to 3.6, methods of preparation of graphene was explained
briefly in section 3.7, testing methods of graphene was elaborated in section 3.8 and finally in
section 3.9 brief discussion about the Metasurface was presented.

3.2 Structure of graphene
3.2.1 Atomic structure

In the 1930s, Landau and Peierls (and Merminin in 1960s) showed thermodynamics
prevented Two-dimensional (2D) crystals to be unstable and so could not form, as was
demonstrated more than 70 years ago [47]. The Single atomic layer of carbon in graphite
was first mentioned by Wallace 1947 in his theoretical work [66]. There were two three-
dimensional (3D) natural allotropes of the element carbon found, those were graphite and
diamond. These two materials were composed of large networks of sp? and sp® hybridised
carbon atoms, respectively. Hybridization means when different atomic orbitals of same or
nearly same energy combine together to form new hybrid orbitals. Carbon has an atomic
number 6, which means it has total six electrons surrounding its nucleus, out of six 2-
electrons were in inner shell and 4-electrons were in outer shell with configuration 1s? 2s2 2p2.
The 4 outer shell electrons of carbon atom were involved in chemical bonding. A carbon
atom has sp® hybridization as shown in fig 3.1. When carbon atom was in ground state, there
was no change of state of electron to higher orbital. When it was excited the one of 2s
electron was shifted to 2p, orbital. The 2s, 2px, 2py and 2p, combined and forms the four sp®
hybridized orbitals which forms the tetrahedron shape with bond angle 109.5°. These sp®
hybridized carbon atoms forms o- bonds between them which were very strong in nature. So
the carbon atoms with sp? hybridization in a diamond molecule were strongly bonded to one
another, forming a tetrahedron-shaped link between each carbon atom.
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Fig 3.1: SP® Hybridization of carbon atom.

A carbon atom had sp? hybridization as shown in fig 3.2. When carbon atom was in
ground state, there was no change of state of electron to higher orbital. When it was excited
the one of 2s electron was shifted to 2p, orbital. The 2s, 2px and 2py combined and forms the
three sp? hybridized orbitals which forms the trigonal shape with bond angle 120°. The
unhybridized 2p, orbital was orthogonal to hybridized orbitals as shown in fig 3.2. The sp?
hybridized orbitals were responsible for o- bonds (very strong) and unhybridized 2p; orbital

was responsible for t-bond (week in nature).
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Fig 3.2: SP? Hybridization of carbon atom.
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The Graphite was structured with sp? hybridized carbon atoms in a layered substance with
inter layer distance was 0.335 nm, and the carbon atoms on each layer were organised in a
hexagon with a separation of 0.142 nm.

For a very long period up to the discovery of fullerenes in 1985, the only known
allotropes of carbon were graphite and diamond [67]. Similar to graphite in structure,
fullerene (OD) was an allotrope of carbon having hexagonal and pentagonal patterns of

carbon atom correlation. The many allotropic carbon structures were shown in Figure 3.3.

Fullerenes (C,,) | | Carbon Nanotubes Graphene Graphite

oD

Fig 3.3: Allotropes of carbon

According to Andreoni's [68] research, fullerenes were molecules with spherically
organised carbon atoms, making them zero-dimensional objects with distinct energy states
from a physical perspective. Another member of the fullerene family was the carbon
nanotube (CNT), which has a tubular structure with cylindrical carbon molecules and exhibits
amazing strength and distinctive properties. They possess both electrical qualities and
effective heat conductivity. Charlier et.al [69] investigated the process of forming carbon
nanotubes from graphene by rolling it in a specific direction and re-connecting the carbon
bonds. As a result, carbon nanotubes could be conceived of as one-dimensional (1D) objects

because they only contain hexagons.

Graphene was a sheet of graphite that was one sp? hybridized carbon atom size and
had an atomic thickness of 0.345 nm with carbon to carbon atomic distance was 0.142 nm.
As discussed earlier one carbon had three sp? hybridized orbital and one unhybridized 2p;
orbital bonded with another same carbon atom as shown in fig 3.4. When carbon atom was in
excited state, three outer-shell sp? hybridized electrons of one carbon atom were o- bonded

with three outer-shell sp? hybridized electrons of other carbon atom in plane as shown in fig
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3.4 and these bonds were responsible for thermal and mechanical properties of graphene. The
other one electron i.e unhybridized 2P, orbital in carbon atom was =n-bonded with
unhybridized 2P, orbital of other carbon atom perpendicular to the plane shown in fig 3.4 and
it was responsible for electrical properties of graphene.

2Pz Orbital
' 7 - bond
G - bond

Fig 3.4: Bond structure between two carbon atoms of graphene.

Sp

The basic structure of graphene was shown in fig 3.5. The basic building block of
crystal was called unit cell of that crystal. Graphene had unit cell with 2- atoms as shown in
fig 3.5. The blue and red atoms of carbon were opposite in spin in 2P, orbital which
explained magnetic properties of graphene.
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UNIT CELL

Two representations of unit cell:

:

Two atoms

1/3 each of 6 atoms = 2 atoms

Fig 3.5: Graphene Structure and Unit cell of graphene.

3.2.2 Band structure of graphene

Two distinct structures were produced after cutting the 2D infinite graphene sheet,
and they were known as zigzag and arm chair graphene Nano-ribbons (GNRs), respectively,
as illustrated in Fig 3.6.These gave rise to various band structures and electrical spectra for
them and was named after their distinctive atomic-scale appearance. There was no edge
reconstruction in armchair GNR, preserving the planar patterns, while it was unexpectedly
discovered that the zigzag edge of zigzag GNR was meta-stable and reconstructions occur
spontaneously at high temperature Shen-lin Chang et.al [70]. According to Young- woo Son
et.al [71] Varied edge structure GNRs exhibit a range of electronic properties, from spin-
polarized half metals to regular semiconductors, opening the door for the use of GNRs in the

construction of electric devices.

27



Energy Energy

x-momentum x-momentum

y-momentum y-momentum

“Energy Gap”
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energy

“‘Metallic”
Graphene conducts in these
directions

Fig 3.6 (a): Band structure of graphene in zig-zag pattern, Fig 3.6 (b): band structure in armchair pattern.

Graphene had unique conical shape of band structure with zero band gaps at conical
point as shown in fig 3.6 and 3.7 between valance and conduction band. The charge carriers
in graphene primarily behaved as massless relativistic particles with a conical energy
spectrum E = vsak, where vr was the Fermi velocity, 7 was the reduced Planck constant, and
k was the wave vector. The energy momentum relation was linear as move from centre point
of brillouin zone to edge of brillouin zone which gives conical structure. The cone of the
conical structure was called Dirac point. Graphene had two types of edge cuttings as
discussed earlier; first one was zigzag pattern which gives metallic properties of graphene.
Due to this structure the valance and conduction bands were meeting at Dirac points in band
structure as shown in fig 3.6(a). Second one was armchair pattern which gives semiconductor
(semimetal) properties of graphene. Due to this structure there was band gap between the
valance and conduction bands as shown same fig 3.6(b).

By giving (n-doping) or taking away (p-doping) electrons, molecules adsorbing on
graphene may potentially modify its electrical characteristics and change its Fermi level
Martin Pykal et.al [72]. DFT simulations can directly identify which adsorbents/supports
donate/withdraw electrons to/from graphene and give detailed information about electron
fluxes. In order to create graphene devices with a usable band gap that can be used in
graphene-based transistors, this property was also taken use of bilayer graphene sandwiched
between FeCls and K can be used to make such devices FeClz was determined by calculations
to be an electron acceptor capable of producing p-doped graphene, and K was determined to
be an electron donor capable of producing n-doped graphene. The energy band diagram for
all these cases along with pristine graphene and bilayer graphene was shown in fig 3.7 (a) and

(b). As number of layers increased band gap also increased as shown.
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Fig 3.7(2): [72] Band structure of pristine, p and n- type doped single layer graphene, Fig 3.7(b): Band structure
of pristine and doped bilayer graphene.

3.3 Properties of graphene

The wide variety of graphene's structural variations were accompanied by a wide
range of their striking chemical, physical, mechanical, electrical, and electronic properties
that were crucial for thorough evaluation of graphene material for using in many applications.
Carbon-based systems exhibit an infinite array of distinct structures with an equivalent
variety of physical attributes due to the flexibility of their bonding. These physical
characteristics were mostly a result of these structures dimensionality. Many of the non-
electrical and electrical phenomena discussed in the following Sections can be attributed to
graphene's hypothetical semimetal behaviour, which has zero band gap energy and zero

effective masses of the electrons and holes.
3.3.1 Thermal properties

At room temperature, graphene has one of the highest thermal conductivities of any
known material, ranging between 2000 and 5000 Wm~K ! for samples that were hanging
freely. Graphene was frequently considered to be superior to other materials from the
perspective of Nano-scale devices and interconnects because of its better thermal

conductivity, which suggests superior heat sinking and reduced temperature rise during
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device operation Eric Pop et.al [73]. Due to the potential for thermal management
applications, research into thermal transport in graphene was an important topic of study.
Early tests of the thermal conductivity of a pure sample of suspended graphene revealed an
incredibly high value of about 5300 WmK ! Balandin A.A et.al[74], which was much
higher than the thermal conductivity of pyrolytic graphite at room temperature of about 2000
Wm 1K 1,

3.3.2 Mechanical properties

A unique combination of mechanical characteristics was seen in graphene. Research
has shown that suspended graphene exhibits both brittle fracture and non-linear elasticity.
Additionally, because of graphene's superior elastic characteristics, it may regain its former
shape after relieving the tension. Young's modulus of 0.5 TPa and variable spring constants
of 1-5 N/m were obtained through atomic Force Microscopy (AFM) investigation of
suspended graphene sheets that ranged in thickness from 2 to 8nm I. W. Frank et.al [75]. It
responded to deformation in a remarkable way, being superior to hard materials, which fail at
about 1%, in that it can bear up to 20% tensile strain before fracture Lee et.al [76]. However,
defects in graphene-like vacancies, Stone-Wales defects, dislocations and grain boundaries
which impaired its mechanical properties, greatly affected these ideal values Meyer J.C et.al
[77].

3.3.3 Optical properties

Understanding the linear response of graphene was made easier by an understanding
of its optical conductivity. Graphene's higher and lower energy levels combine at a single
spot. Electrons in the occupied energy levels of graphene absorb the energy from incident
waves and become excited to higher energy levels as soon as electromagnetic energy was
incident on the material. Within the band and between the bands, the electron will transition.
As a result, both the intra band and inter band transitions contributed to graphene’s actual
conductivity as shown in fig 3.8. The intra band transition of charge carriers rises after
graphene was activated by a THz-frequency energy source, and this intra band charge

transition significantly contributes to graphene's effective conductivity.
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Intraband Interband

Fig 3.8: Graphene intra and interband Transitions when EM incident.

The Drude mathematical model can be used to theoretically investigate this intra band
transition effect. The conductivity of graphene was frequency-dependent, behaving
differently at different frequency bands. It was affected by the Fermi level (also known as
chemical potential), which controls the surface carrier density. Because thermal carriers were
substantial at low carrier densities, temperature T has an impact on conductivity. Finally,
because it was closely related to carrier mobility, the mean free time in between carrier
collisions, also known as the carriers' scattering time, has a significant influence on
conductivity. The graphene electronic band structure-dependent Kubo formula, which
provides an excellent numerical approximation of graphene conductivity up to visible light
frequencies, can be used to explain these phenomena. To explain all these concepts by start
with drude model for metals, then negative permittivity of metals, surface Plasmon resonant
frequency, electronic properties and finally kubo formula of graphene conductivity.

3.4 Drude model for metals

Drude applied kinetic gas theory to conduction electrons in metals. He assumed that i)
between collisions electrons move in straight line, Effect of electron-electron interaction and
effect of electron-ion interaction was ignored. ii) Mean free time between collisions t was

independent of electron’s position or velocity. iii) Electrons achieved thermal equilibrium by
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collisions with lattice. First the permittivity calculation in static electric fields was done and

then find for oscillating fields.

Let us consider a metal, the free electrons were propagated as shown in fig 3.9, the
electric dipole moment produced by an electron as shown in fig 3.9, when a static electric
field E applied, and electron experiences a linear restoring force F = m,w%x (where m, was
the effective mass of the electron, mo was Natural frequency, x was charge displacement) in

opposite direction then

-~ e O CAT
~~~~~~ - /2 —A—*—l—L
Q .0 9 O He TV T
B T N s
t

. 13

i Without external Dipole Moment

P S field applied
With external electric field applied

Free electron propagation in metal
Fig 3.9: Drude model for metals.
eE = m,wix (3.1)
The resulting charge displacement was given by

eE

X = — (3.2)

The electron polarization was given by
e?E
P=ex= — (3.3)

If metal has free electron density Ne then total polarisation was given by

p=ters (3.4)
Polarization in terms of susceptibility given by

P=cox,E (3.5)

Where ), =Electric susceptibility

Note: How quickly a dielectric substance polarises in response to an electric field was
measured by its electric susceptibility.
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Now on equating equation (3.4) and (3.5)

N.e?

mew%

X, =

(3.6)

2
Xe=02 (3.7)

Where

2
wp = plama frequency = (ive—e )¥2, Typical metals have wp ~ 10 rad/s
0

me
Newas now interpreted as free electron density, Ne. Typical metals have Ne = 1022 cm
m, was the effective mass of the electron.
o= Natural frequency.
I'=Damping factor or mean collision frequency in Hz.
The Electric flux density was given by
D=c0E+ e ¥, E
D=eco(1+ x,)E (3.8)
The electric flex density can also expressed in terms of complex permittivity as
D= «E (3.9)
The right hand side equations (3.8) and (3.9) were equal

lecoeE=e(l+x,)E

€= 1+ Xe (310)
From equation (3.6)
Nge? .
=1+ > For static fields (3.11)
eomemo
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For oscillating fields, from the Lorenz oscillator model the susceptibility in terms of

frequency was given by

w2
Xe (0) =0 ar (3.12)
Where
wp = plama frequency
o= Operating frequency.
o= Natural frequency.
I'=Damping factor or mean collision frequency in Hz.
Then permittivity of material was given by
From equation (3.10)
() =1+ 2 (3.13)

wi—w?—jwl

But for metals most of electrons were not bounded to nucleus and they were free, so
restoring force was negligible and their natural frequency was zero (wo=0) and damping

1 . .
factor was equal to - Here 7 was the average time an electron travels between consecutive

collisions.

Then metal permittivity was given by

2
Er(CO) =1+ O—mz—z;wr—l
_ wp
al0)=1- —22 (3.14)

The complex permittivity can be written in terms of the real (¢'r (w)) and imaginary €"; (o)
components

2
Wp

e (0) = € (o) +j" (0) = 1- (3.15)

w2+jwr?

To get the real and imaginary parts the R.H.S term should be normalized by multiplying

numerator and denominator by w? — jot ™!
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2 2 -1
[QF7) W —JjwT

& (0) =€ (0) +je'r (w) =1 - 0?+jor 1" wl-jor1

2.2 02 o1
WH o jopwT

=1-

0*+0?172 | witw?rt?

w3 jwit-1

=1- (after taking o

w2+772  w(w?+172)
common in numerator and denominator and cancelled)

w572 . wE
1+ w272 1+w272

(after re arranges the 1) (3.16)

Elr ((D) + j€”r ((,0) =1-
By comparing real and imaginary part both sides

Real part of permittivity was

(@) =1- 2B (3.17)

1+ w272

Imaginary part of permittivity was

2T
¢ () = 22 Lo (3.18)

1+ w272

It can be expressed that material losses in terms of complex permittivity as
Vx H =joe & (0) E (3.19)

The losses in materials were expressed in real conductivity and real permittivity by

Maxwell’s equation
VXH=06E+jwe &E (3.20)
After equating the right hand side of equations (3.19) and (3.20)
joeo €r (0) E=c E + joeo & E
joeo € (0) = o + Joeo & (after cancelling E on both sides)

joeo € (0) = joeo (er + jmi) (Taking joeo common from R.H.S)
€0

e (0) = € - 2= (3.21)

[V
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The complex permittivity can be written in terms of the real (¢'r (w)) and imaginary €"; (o)

components
& (0) =€ () -je'r (@) =e- 2= (322)
On comparing both sides
r () =& (3.23)
e"r(w) = m— (3.24)

Conductivity of metal (o (0)) = we, €+ (w) in terms of frequency was given by

_ 036 ]
o (o) = we o 7.2 (from equation (18))
2
o (0) = =2 (3.25)

From the above relations of permittivity and conductivity, it has been concluded that
the i) below plasma frequency permittivity was mostly imaginary and metal acts as good
conductor. ii) Near the plasma frequency, both the real and imaginary parts of permittivity
were significant and metals were very loss. iii) At very high frequencies above the plasma
frequency, loss vanishes and metals become transparent i.e weakly absorbers. These concepts

explained by surface waves of metals.
3.5 Surface Waves on metals

Surface Waves were the waves that were travel on surface of material in longitudinal
direction. Let us consider an interface between air and metal boundary (x=0) as shown in fig
3.10. The surface wave was propagating along the z-direction. The electric field has two
components, one was along the direction of propagation (z-direction), and second one was
along the x-direction. The amplitude of both components was maximum at the interface
separating (x=0) two media and as x value increases (both in +x axis and —x direction) the
amplitude of wave was decaying exponentially to zero value which depends on the
propagation constant. Any conducting medium which has finite conductivity can support
surface waves. In plasma physics these waves were called surface plasma waves. These

waves were analysed as follows.
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Medium II
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Fig 3.10: Interface between metal and free space.
Let us assume metal permittivity was em and was given by
2
€m= €~ % (at high frequency) (3.26)
And electric field was of the form at z=0 was
E (z=0,t) = A e~t@t (3.27)
Electric field at z was given by
2 —i(wt——22)
E(z,t)=E(z t- v—) =AX) e "ph (3.28)
ph
Let us assume
K,=—= (3.29)
vph
Then
E(z, ) =E (0, t- vi) = A(X) e~ H@t=Kzz) (3.30)
ph

As the wave has an x-component it should satisfies wave equation and to find the electric

field in z-direction

V2E, + ©_E, =0 in free space (x>0) (3.31)
C2
V2E, + ., > E, = 0 in conductor (x<0) (3.32)
CZ
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2. 62EZ 02 EZ
V°E, = (by assuming field was uniform in y-direction)  (3.33)

6x2

0%E, .
Let us find —* 5 from the equation (3.30)

0%E; _
0z2 622

(A(X)e—l(wt K,z ))
= 2(iK, A (x)e i@t

— iZKZZ A(X)e—i(wt—Kzz )

0%E,
07: -KZZEZ (334)
Substitute above value in equation (3.33)
2 0%E,
V°E, = o - K2E, (3.35)

Substitute above value in equation (3.31)

Ok - KZE+% “E, =0

Rz
2 (kZ2-2)E, =0 (3.36)
Let
of =K7 — ‘j— (3.37)
Then equation (3.36) becomes
2r  E,=0 (3.38)

The above equation has following solution
E, = Ag e ¥~ l(@t=KzZ) in free space (x>0) (3.39)

Substitute equation (3.35) in (3.32) and to find the electric field in z-direction in conductor
(x<0)

(1)2
c2

0%E,
dx2

'KZE +€m EZ_O
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Tl (K2~ en)E, =0 (3.40)

dx2

Let
(DZ
o’ =K? — ey = (3.41)
Then equation (3.40) becomes
2
S5 oE, =0 (3.42)

The above equation has following solution
E, = A} e¥e~H@t=Kz2) |n conductor (x<0) (3.43)
But E, was continuous at interface (x=0) of two medium then
E,/x=0" =E,/x=0" (3.44)
A} el e-ilwt=Kz2) = A, g=tan(0) o —i(wt=K22) (from equation (3.39), (3.43) and (3.44)
AL = Ag (3.45)
To find the E,, value, from the maxwell’s equation
V.(enE) =0 (3.46)
VE=0

o5y | O,

ox ax =0

Oy
X

+iK,E,=0
0E, = — iK,E, 0x
Integrating on both sides
JOEyx = |(— IK,E,) 0x

E, = — iK,[E,dx (3.47)
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Electric field component (E,) in free space was given by substituting E, value (x>0) (from
equation (3.39)) in equation (3.47)

E, = — iK,[A, e ¥Xe {@t=KzZ) g

E, = ﬁAoe—anxe_i(“’t_KzZ) For x>0 (3.48)

aj

Electric field component (E,) in conductor was given by substituting E, value (x<0) (from
equation (3.43)) in equation (3.47)

E, = — iK,JA, e“*e~"(@t=K:2) gx (from equation (3.44) AL = A, )

Ex _ iK, Aoealxe_i(wt_KZZ) For x<0 (349)

o

At the interface of free space and metal (x=0), from equations (3.48) and (3.49) it can

observe that E, has two different components and they were in outer phase.
At the interface x=0, from the boundary conditions, eq¢E was continuous
So,

€rEImedium 11 = €mE s /medium | (3.50)

iK. _ i _ iK. —i -
%Aoe a(0)p-i(wt=Kzz) = ¢ ;ZAOe“'(O)e Hwt-Kz2) (=1 for free space)
11 1

o = - emoy (3.51)

So it could be observed that at the interface between metal and free space the sign of the

permittivity changed.
By squaring on both sides
o?= €3 a2 (3.52)

Substituting equation (3.37) and (3.41) in above relation

2

2
2 w™ _ 2 2 w
Kz_emc_z_em(Kz_

c2

<‘02
c2

Kzz(l - e%n): em(l - em)
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2
w
€Em(1—€m) r

K= A—endten

€
2 _ _me2
K; =

o (3.53)

_® ., €m \1/2
K, =% (G (3.54)

This was called dispersion relation for surface plasma waves

Put above K2 value in equation (3.37)

(3.56)

Put above K2 value in equation (3.41)

(3.57)

—€2,
6 =3 (G (358)

If E,, component amplitude decayed in away from interface x=0 as shown in fig 3.8, then q
and ay; should be real and large quantity.
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Ez

Fig 3.11: Field decay in x-direction.

2
From equation (3.58) «; to be real then the value %under root should be positive, this
condition was satisfied only when

(1+€,) <0 (3.59)

€m <-1 (3.60)

So metal should have negative permittivity then only field component vanish in x-
direction rapidly as shown in fig 3.11 (skin depth phenomena) and this loss of energy was
absorbed by the particle (free electrons) in metal by wave particle interaction process and
Surface Plasmon waves were formed on the metal surface, on the other side of interface i.e in
free space/dielectric energy travelled in the form of EM waves. By this way energy
propagated in z-direction (longitudinal) at the interface in the form of EM waves and Surface

Plasmon wave. So the field components were neglected away from the interface.

From the equations (3.26) and (3.59)

2
w

1+ e-—2<0
w
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2
w
2 ¢ p

1+ €

Wp

V(a+ ) (361)

w<

Resonance will occur when w = w, which was called Surface Plasmon Resonance

(SPR) frequency and was given by

— @p
©r = e (3.62)
For gaseous plasma €, = 1 then w, = % and for metals w, was much less as e,

greater than 1, so there was limitation that the surface wave has to travel along the interface
between two medium the wave has frequency below the resonant frequency. This frequency

was called surface Plasmon resonant frequency.

SPR was the resonant oscillations of the electrons that exist at the interface between
any two materials where the real part of the permittivity changes sign across a metal-
dielectric (free space) interface. The resonance condition occurred when the frequency of the
incident photons matches with the natural frequency of oscillations of the surface electrons.
By reducing the size of metal Nano particles to below the mean free path of electron of that
metal, then metal nanoparticle allowed quantization in the Plasmon frequency of electron.
When the Plasmon frequency was matched with EM radiated wave frequency then there was
enhanced absorption resulting collective excitation of electrons of metal which in turn
interact with EM radiation. These interaction phenomena results a travelling wave in
longitudinal direction as the electrons displacement was in parallel to the direction of

propagation.

Put €, (equation (3.26)) in equation (3.54)

wp
K = 2 €r 2 12
== (=)
Cc (.l)p
1+ er— F
2
w, g 1/2
K, =2 (2 ) (3.63)

D
F—(I'FEF)
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At w = w, the K, value goes to high value then phase velocity of wave V,,,=

Kﬂ was less than c. The diffraction of wave depends on the wave length of wave. Here as K,

Z

was high, wavelength was less and then wave was less diffracted and travels along the

surface.

Surface Plasmon effects were in the optical range, it was necessary to have surfaces
that contain features < 400 nm. Hybrid surface Plasmon’s were also produce by plucking
holes in metals that had already a surface Plasmon [54] as shown in fig 3.12. The holes on
metal surface increased the penetration of EM fields into the metal and resulting lower the
frequency of present existing surface Plasmons. These surface plasmons were called the

spoof surface plasmons as they merge one into the other.

S

Fig 3.12: Metal with structured hole for SSPP

The holes spacing (d) must be less than the wavelength. To achieve these conditions,
need of material which has size in the order of Nano scale and Plasmon frequency also in the
order of microwave to terahertz. Graphene was a material which was suitable for these

features. The electronic properties of graphene were as follows.
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3.6 Electronic properties of graphene
3.6.1 Density of charge carriers

According to the authors [11], the free charge carriers or electrons in graphene
appeared as massless Dirac fermions. A Fermi function or Fermi-Dirac distribution was used
to characterise the distribution of fermions over an energy range since the properties of
fermions were examined through their half-integer spin. At absolute zero temperature (T =0
K), the chemical potential was referred to as the Fermi level, and states above this level were
regarded as empty. The electron charge carriers migrated to higher energy levels when
graphene's temperature rises, creating a filled and empty state. The findings demonstrate that
as energy levels rise, the likelihood of an electron's occupancy falls. At the chemical
potential, the probability of an electron's occupancy was 50%, or at E = pc, half the states
were filled. The graphene's electron density can be calculated using the formula below when

e was more significant than thermal energy (Juc| >> ksT).

(3.64)

Where

U = chemical potential

h=reduced planks constant

vs = velocity of fermions ( 10® m/s)

The minimum carrier density was anticipated to be equivalent to the thermally
generated carriers at room temperature due to the electron-hole duality in suspended
graphene, and as a result, the hole and electron mobilities were anticipated to be quite similar.
However, it has been noted that the reported minimum carrier density for graphene typically

ranges between 10! and 10*? cm, which was 107 times larger than copper [78].
3.6.2 Carrier mobility

The electron mobility of graphene determined how quickly an electric field drawn an
electron in and how the electron travels through the sheet. Low carrier densities of 5 x 10!
cm? at low temperatures have been reported to have a mobility of 200000 cm? (Vs)? in
suspended graphene [79, 80]. At ambient temperature, however, the increasing resistivity
causes the mobility to drop to 100,000 cm? (Vs)* [81]. The enhanced resistivity may also

have its roots in the metal contacts of voltage-gate architectures [82] and the edge state of
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graphene ribbons. The mobility of graphene can be computed using considerations for

resistivity and gate voltage as shown in [83, 84].

(3.65)

Where
p = Graphene's electrical resistivity

N, = Gate-induced electron density as described in equation (3.64).

Additionally, substrates have an impact on graphene's mobility [85]. Electron
scattering mechanisms further restricted the mobility of graphene sheets on SiO; surfaces to
40,000 cm? (Vs)™ [86]. Graphene on a hexagonal boron nitride (h-BN) substrate has orders of
magnitude greater mobility than SiO» [84]. The mobility can also be determined from the
perspective of scattering mechanisms by [87].

_

= (3.66)

U

Where
e = electron charge

vs = velocity of fermions ( 10 m/s)
' = Scattering rate of electron = %

u.= chemical potential of graphene.

3.6.3 Electron relaxation time

The length of time it takes for a charge distortion induced into a material as a result of
electron collisions to relax to a uniform charge density was known as the relaxation time [88].
It was sometimes described as the typical duration between the two successive scattering

occurrences and was represented in terms of scattering rate, as follows:
1
T == (3.67)
Where

I'= Scattering rate of electron
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This scattering rate was sum of scattering due to the longitudinal acoustic phonon
scattering rate, the impurity scattering rate and the surface optical phonon scattering rate in

the graphene [89].

The relaxation time in graphene was a key component of the conductivity model for
graphene and was dependent on the quality of the graphene sample [90]. The surface
conductivity of an infinite graphene layer can be roughly calculated using the Drude like
formulation in the lower frequency range (10 THz), where intra-band contribution
predominates [91]. The relaxation time can be calculated in terms of carrier mobility and
chemical potentials by ignoring the electron-phonon interaction that occurs over the inter-
band and optical phonon threshold frequencies [92]. Fig 3.13 shows that the electron

relaxation time was varied linearly according with chemical potential of graphene.

T= % (3.68)
Where
u = Mobility of charge carrier
e = electron charge
vs = velocity of fermions ( 10 m/s)

1= chemical potential of graphene
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Fig 3.13: Graphene electron relaxation time versus chemical potential

Numerous studies have examined how graphene conductivity and, consequently, its
radiation properties were affected by relaxation time. The relaxation time of graphene was
predicted to be between 10 and 10! seconds [93]. In order to accurately characterise the
graphene surface conductivity, it was necessary to also provide data on the relaxation time

and chemical potential, which can be used to determine the doping level of the samples.

3.6.4 Fermi velocity

By regulating the energy gap of graphene, Fermi velocity played a very important role
in the design of graphene-based Nano-devices [94].The application of graphene to electronics
encourage researchers to look for ways to create energy gap in graphene's low-energy
electrical structure. The charge carriers in graphene primarily behaved as massless relativistic
particles with a conical energy spectrum E = vsak, where vs was the Fermi velocity, was the
reduced Planck constant, and k was the wave vector. In this equation, vs represents the
effective speed of light. Coulomb interaction must be considered in graphene, though,

because the energy spectrum was full of electronic states up to the Fermi energy.
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The writers [95] carried out studies of the cyclotron mass in suspended graphene at
carrier concentrations spanning three orders of magnitude highlighted that Fermi velocity
could by altering the carrier concentration in graphene, 3 x 10° m/s. Additionally, the
graphene material was the only one known to have features that were similar to those of the
graphene material in terms of permittivity over such a broad frequency range, which can be
utilised to tailor the electrical characteristics of the antenna. Because graphene's conductivity
can be altered to resemble either a metal or a semiconductor, it was a great candidate for high
frequency electronics. Generally speaking, the conductivity of graphene exhibits radically
distinct behaviour at microwave and THz frequencies and basically follows a Drude-like
pattern. [96]

3.6.5 Chemical potential

The level in the distribution of electron energies at which a quantum state has an
equal chance of being occupied or vacant was known as the chemical potential of graphene.
The amount of power that a graphene can absorb and, as a result, its resonance frequency,
were trade-offs. As a result, it was reasonable to assume that altering the graphene chemical
potential also has an impact on the material's electrical conductivity, which was one of the
key elements affecting how well it radiated and provides the opportunity to tune the antenna
resonant frequency [93]. The formula for chemical potential (approximate) was given by [51,
97].

He = hvfx/(%tzvb) (3.69)

Where

h= Reduced planks constant

vs = Velocity of fermions ( 10 m/s)

€, = Permittivity of free space

€, = Relative permittivity of dielectric

V}, = V- Vairac= Biased voltage of graphene

V, = Voltage applied to graphene

Viirac= Graphene offset voltage caused by natural doping.

ts = Thickness of dielectric layer
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The graph in fig 3.14 showed that as bias voltage increased the chemical potential
also increased. Thus, the charge carrier density or electrostatic bias voltage and thickness of
dielectric layer can be used to readily change the chemical potential of graphene, allowing for
the dynamic tuning of graphene's radiation properties as the real and imaginary components

of conductivity were typically varied as the chemical potential varied.
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Fig 3.14: Graphene Fermi energy versus bias voltage.
3.6.6 Plasma frequency
In metals, when compared to the ions, the plasma's electrons naturally fluctuate at a

certain frequency, which was known as plasma frequency. The plasma frequency of graphene

was defined by following formula [98, 99]

p = |—— (3.70)

thL'fLZEO
Where
e = Charge of electron
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u.= Chemical potential of graphene
ty, = Thickness of graphene
h = Reduced planks constant

€, = Permittivity of free space

From the above equation, plasma frequency was also depends on the chemical
potentials and graphene thickness. As number of graphene layers increased the plasma
frequency will be decreased. The advantage of graphene was that its plasma frequency was
tuneable as compared to other conductors like copper, gold and silver which have fixed

plasma frequency.

3.6.7 Conductivity

Due to the material's adjustable conductivity, desired electromagnetic and mechanical
qualities, which provide the provision of flexible and reconfigurable constructions, the
material graphene was widely employed in a variety of microwave and terahertz applications.
The main problem for employing graphene as a Nano component was to theoretically predict
the new sophisticated graphene material that would have better high frequency qualities. Less
loss, improved impedance matching, and high radiation efficiency were the specific features
that demand attention, and as a result, changed electromagnetic absorption characteristics
should be provided to be compatible with Nano devices based on electromagnetic properties.
Electrons in the occupied energy levels of graphene absorb the energy from incident waves
and become excited to higher energy levels as soon as electromagnetic energy was incident
on the material. Within the band and between the bands, the electron will transition. As a
result, both the intra-band and inter-band transitions contribute to graphene's actual
conductivity. However, the surface conductivity of the graphene material was characterised
by a quantum-dynamical inter-band mode and a semi-classical intra-band mode [100].
Therefore, the graphene surface conductivity was complex quantity (equation 3.71) and as a
function of frequency has been calculated using Kubo's formula [96]. In this formula the
surface conductivity of an infinite graphene film was expressed in terms of intraband and
interband contributions, which, respectively, correspond to the intraband electron-phonon
scattering process and the interband electron transition i.e The intraband conductivity
converges to the Drude model at T = 0 K [101], while the interband conductivity was related

to the creation and recombination of electron-hole pairs. Graphene conductivity expressed as
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0= o +ic"= Ointra t Ointer (3.71)

If "> 0, graphene's interband conductivity becomes dominant, and surface Plasmon
polariton with TE polarisation were supported. If ¢" <0, graphene's intraband conductivity
predominates, and surface plasmon polaritons with TM polarisation were supported [96]. The
addition of impurities or the application of an electric field can altered the two-dimensional
conductivity of graphene. Graphene's intraband and interband transitions shift a little bit
when a gate voltage was applied. In this fashion, intraband transitions happen when the
applied energy was less than the band gap of graphene, while interband transitions happen
when the applied energy was greater than the band gap of graphene. This approach can alter
the conductivity of graphene since these intraband and interband transitions directly affect its
intraband and interband conductivities [99]. The 2D conductivity of graphene which derived

from kubo formulation was as follows [96].

og(w,pe, I'T) = te®(w-i2r) [ 1 f0°°E (af_(E) _ M)dE — [ 0f (—E)—0f (E) dE]

Th? (w—i2r)? oE OE 0 (w—i2l)2—4(E/h)*
(3.72)
Where
w = Angular frequency
e = Charge of electron = 1.602*10*° Coulombs.
h = Reduced planks constant = % =1.054*103* JSec
I' = Scattering rate of electron
T = Temperature = 300K
E = Energy
f (E)= Fermi distribution function
: (3.73)

f (E)= Fermi distribution function = T
l1+e kpT

u.= Ey= Chemical potential or Fermi level of graphene
kg = Boltzmann constant

First integral of above equation gives the intra band conductivity and second integral
gives the inter band conductivity of graphene. After substituting equations 3.67 and 3.73 in
3.72 with assumption of time variations as exp (-jwt) in kubo derivation and solving the

integrals, then
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_Ef
kgT E
Tintra = nhz‘fwjr_l) [—f + 21n< kBT 4 1)] (3.74)

_ iezl [2|Ef|—(a)+i‘[_1)h] (3.75)

O; —_ —
mter T amp | 2|Ef|+(w+itT )R

As discussed earlier Up to terahertz frequency the photon energy was very less and
fewer than the Fermi level (Er > kgT) and interband transitions i.e carrier transition from
valance band to conduction band cannot happen until EM energy was larger than two times
the chemical potential [102]. If graph drawn between frequency to conductivity of graphene
as shown in fig 3.15 for 3.74 equation with value shown in table 3.1, it can observed that the
intraband conductivity tending zero when frequency goes to near optical regime. So graphene
interband conductivity was neglected and intraband conductivity becomes drude like model
as follows [103] at lower frequencies below optical frequency.

_[e*Ef i
Ointra =|7p2 (w+it™1)

(3.75)

Table 3.1: Parameters used in graphene intraband conductivity and their values.

SLLNo | Symbol Parameter Value Units
1 e Charge of electron 1.602*10° | Coulombs
2 ks Boltzmann constant | 1.38*102% JIK
3 T Ambient Temparature 300 Kelvin
4 T Relaxation time 10.85 Pico sec
5 Et Chemical potential 9.8 meV
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Fig 3.15: Graphene intraband conductivity weds frequency.

From the graph it was noted that the real part of conductance was dominated than
imaginary part of conductance in gigahertz range, as frequency increases imaginary part of
conductance was dominated than real part of conductance. There different formulas were
developed for graphene conductivity and comparative analysis was done for accuracy of kubo
formula for plasmonic of graphene and finally chosen equation 3.73 for our work.

3.7 Fabrication methods of graphene

In terms of graphene production methods, top-down and bottom-up approaches were

used [104] as shown in fig 3.16. In that the sub classification was shown in tree chart fig 3.17.
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Fig 3.17: Different synthesis technics of Graphene.

A natural carbon substance made up of stacked layers of graphene sheets, bulk

graphite was a natural carbon material that was prepared via a top-down approach in most

cases [105]. For example, mechanical exfoliation [106], electrochemical exfoliation [107],

liquid-phase exfoliation [108], exfoliation and reduction of graphite oxide [109] were some

exfoliation techniques that can be used to overcome the van-der-Waals force between
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adjacent graphene sheets. The adhesive tape method of mechanical exfoliation was shown
below fig 3.18 which was used in 2004 in lab of MIT [110].

Fig 3.18: [110] Graphene exfoliation by adhesive tape.

The three other types of exfoliation mechanisms, with the exception of mechanical
exfoliation, suffer from unregulated quantity in addition to limited sample sizes, which
significantly affected the characteristics of graphene. Key challenges in this area included
effectively separating the layers without damaging the sheets, and preventing re-
agglomeration of the sheets once the layers have been exfoliated. Top-down approaches
generally suffer from low yields, numerous steps, and have the common disadvantage that
natural graphite must be mined and processed before use because it was a finite resource that
was on the European list of scarce materials and requires mining and processing prior to use.
Graphite can be produced synthetically under high temperature conditions, but it was not
generally suitable for graphene production due to poor levels of graphitisation and irregular
morphologies.
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3.7.2 Bottom-up approach

The other method known as bottom-up entailed the manufacture of graphene from
different gases containing carbon atoms, primarily through chemical vapour deposition,
epitaxial growth [111], hummer method [28], pyrolysis [104], and arc discharge and
unzipping carbon nanotubes were comes under other methods. In Figure 3.19, a schematic of
CVD graphene process steps were displayed, in first step hydrocarbon molecules were
decomposed, then desorbs was going on and finally carbon atoms were grown to form the

graphene [112].
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Fig 3.19: [112] Graphene growth process using CVD.

These bottom-up techniques typically demanded high temperatures because in order
to generate high-quality material, high levels of graphitization must be encouraged. Although
the processes involved were frequently straightforward, the material produced sometimes has
higher degrees of imperfections than was seen with top-down approaches. Bottom-up
approaches can be used to produce large area graphene films on certain substrates in addition
to creating graphene Nano sheets. The chemical vapour deposition was discussed in next
chapter.

3.8 Characterization of graphene

Characterization of graphene was a crucial component of graphene research and
study. Characterizations involve studying the shape, characteristics, flaws, and layers of
graphene using measurements at the microscopic and spectral levels [113, 114].

Characterization techniques include scanning electron microscopy (SEM), transmission
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electron microscopy (TEM), Raman spectroscopy [115], atomic force microscopy (AFM), X-
ray diffraction (XRD), and spectroscopy (UV-Visible) [116].

SEM was employed to examine the graphene's morphology. SEM imaging offers
benefits include the ability to spot contaminants, folds in graphene, and discontinuities
throughout the synthesis process. Its ability to resolve extremely thin layers of graphene was
however constrained. The most popular method for examining the degree of structural
complexity and number of sheets in graphene was the transmission electron microscope
(TEM). Raman spectroscopy can be used to examine graphene layers and structural quality
[117]. When the material's molecular vibration contacts with the mono-chromatic Raman
spectroscopy radiation, the radiation shifts due to scattering [118]. In graphene, there were
three primary peaks that may be seen: the D, G, and 2D peaks. A D peak at 1350 cm™ was
seen, indicating sp? hybridization abnormality [119]. The Raman spectrum for single, bilayer,
three layer and four layer graphene on different substrates like quartz, SiO2 / Si was shown in
fig 3.20. The G peak was at 1580 cm™, which corresponds to lattice vibration, and the 2D
peak was at 2700 cm™, which results from second-order Raman scattering at the Dirac point
and as number of layers increases 2D peak was broaden [1120]. Because of the increased
defect intensity's acoustic scattering, an increase in graphene disorder raised the Ip/lg ratio.
The Ip/lg ratio, however, fallen as the carbon structure becomes more amorphous [121]. Due
to the stretching of the C-C bond, graphene's Raman spectrum, often known as the G band,
displays the G mode [122]. Strong peak values at 1580 cm-1, a first-degree Raman spectrum-
allowed signal arising from the zone's centre (photon wave vector g = 0), were used to
identify it. The defining number of layers of graphene was done by calculating the 2o/l
ratio, the lop/lg value was between 2 < Ixp/lg <3 then its monolayer, 1< lop/lc<2 then it was

bilayer graphene and Iop/lc<1 for multilayer graphene [123].
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Fig 3.20: [120] Raman spectra of different layered graphene on a) Quartz substrate, b) SiO / Si substrate,

Broadening of 2D peak as number of layers increased on Quartz substrate (¢c) And on SiO./Si substrate (d).

The primary purpose of the X-Ray Diffraction method was to determine the
substance's phase based on cell dimension units [124]. When X-Ray Diffraction was taken,
Graphite has a prominent and significant diffraction spike at a temperature of 26.6 degrees.
When oxygen molecules were present, the peak changes to 13.3 degrees. There was no peak
following fabrication, proving that graphene was produced [125]. The surface structure and
the thickness of graphene were assessed using atomic force microscopy (AFM) [126]. A tiny
cantilever was used in an AFM to scan the surface of a specimen and produce images. The

cantilever was bent when it was precise Nano-scale tip made contact with a surface. This
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modified how much laser light returns onto the photodiode. Then the measured cantilever
height tracking on the surface was used to alter the cantilever height to reactivate the

response of the signal. The FTIR spectroscopy was discussed in later chapter.
3.9 Basics of Metasurface

3.9.1 Introduction to artificial materials

Metasurface was artificial 2D structured negative refractive indexed Metamaterial.
Let us start with the history of artificial materials, the first artificial dielectric was developed
by Kock in 1950s, later Pendry et.al developed a negative epsilon material with thin wire
structure in 1998 [127]. Pendry also developed artificial magnetic material constructing from
non-magnetic conducting sheets [128]. Let us consider electric material on x-axis and

magnetic materials on y-axis as shown in fig 3.21.

11 M : I
p >0, <0 p =0, >0
n=vVeEpeEL, n<0 n=+/ELERN>0
Plasmas (W<Wyp) , Metals at Isotropic dielectrics
optical frequencies/Evanescent Right - handed/ forward
avas ‘[ wave propagation
>
i £
11 IV
p <0, £<0 B <0, €0
s r_speR,n<0 n=+VepeEln<o
Left- handed/ backward - Kerrlets (<o)
. Evanescent wave
wave propagation

Fig 3.21: Response of different refractive index materials when EM wave incident on it.

In the first quadrant the materials whose permittivity and permeability both positive

were isotropic dielectric materials, so they have positive real valued refractive index with
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property to forwarded the incident EM waves, and the direction of pointing vector followed
the right hand thumb rule, So they also called Right handed materials. In second (metals at
optical frequency or artificial metals) and third (ferromagnetic materials or artificial magnetic
conductors) quadrants which have negative permittivity, positive permeability and positive
permittivity, negative permeability respectively resulting negative imaginary refractive index
with property of evanescent wave. In all the above three cases, materials were naturally
available, but in fourth quadrant there was no natural material available which has
permittivity and permeability both negative. This negative value led to negative real valued
refractive index that gave backward wave propagation for EM incident waves which was

explained by generalised snell’s law and opened a new era of artificially developed materials.
3.9.2 Metamaterials

It was a well-known fact that when an electromagnetic wave interacted with an
integrated medium, its components experienced electric and magnetic polar moments. The
effective permittivity and permeability of the composite medium were directly correlated
with the aforementioned dipole moments. Materials with unique electromagnetic responses
can be created because the creator was able to regulate the dimension, density, form, and
orientation of the inclusions. Metamaterials were the name given to these manufactured
materials. Such materials can have negative readings for both relative permittivity and
permeability when the constituent elements were resonant. It must be emphasised that only
highly resonant pieces can have a negative in value refractive index. This was as a result of
"resonances having the property that their phase response reverses as frequency changes

around the resonance."” [129].

The Lorentz classic-theory can be used to explain the electromagnetic properties of
metamaterials. According to this model, a field of electromagnetic radiation behaves as a
damped harmonic oscillator around an electron. The Lorentz model was transformed into the
Drude model when the restoring force was minimal. Within a broad frequency range, the
Drude model permitted negative permittivity and permeability values. This characteristic
makes the Drude model occasionally more advantageous for simulations than the narrowband
Lorentz model [130].

Relative permeability and permittivity values can be negative in metamaterials with
resonant individual constituents. The refraction angle was thus made negative by these left-

hand materials, in accordance with the law of Snell's of refraction, causing the incident and
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refracted waves to lie on the exact same side of the normal. Negative refraction was the name
given to this occurrence. Light and other electromagnetic waves can be completely controlled
by negative refraction in all four quadrants of a Cartesian plane. Metamaterials have
numerous potential uses due to their peculiar quality that could not have been achievable if
solely employing normally occurring materials [130]. The phase difference across the slab of
this medium was zero when left handed and positive indices materials were put together. The
variation in phase could be managed by combining dual positive and dual negative
metamaterials. It can be demonstrated that the phase difference across the material was zero
due to the refractive index and thickness ratio, not the entire thickness [130]. This
demonstrated that the phase propagation in the positive index component of the slab was
compensated by the slab's negative index part [131]. The focused resonance that developed at
the interface of such two materials was another fascinating phenomenon that may be seen
when mixing positive and negative indices materials [132]. The aperture-related resonance in
a conventional waveguide can be replaced by a contact resonance, also known as a surface
wave plasmon, allowing for the creation of sub-wavelength thin waveguides. Such
guide’s dispersion relationship was independent of total thicknesses and also depends on the
thicknesses ratio [133, 134].

A superlens may also be created using metamaterials having a refractive index that
was -1 on the negative side [135]. A superlens, referred to as a perfect lens, overcomes the
constraints placed on focussing by wave optics (for a conventional lens, the area available for
focussing energy was strictly limited to squares of wavelength). This was because, in a
naturally existing medium, the amplitude of evanescent waveforms decayed exponentially,
while LH materials increased its amplitude. Since evanescent waves didn’t convey any
energy, their structure continued to abide with the law of conservation of energy. The
characteristic impedance, which was the combination of the ratio between permittivity and
permeability, remains positive even though the refractive index was negative, so there were
no echoes at the user interfaces and no (mismatch) energy losses throughout the entire
phenomenon [135, 136].

3.9.3 Metasurface

The two-dimensional or plane analogues of metamaterials were called metasurfaces.
Their electric and magnetic polarizabilities can be used to describe their reaction, just like

with metamaterials. They were sometimes referred by the term metafilms in the works of
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literature [137]. Because of its unique permittivity and permeability figures, metamaterials
were able to regulate how light moves through space, but they also influence electromagnetic
waves by taking advantage of this effect. In contrast to metasurfaces, which attempt to
control the wave over a single, very thin layer, this can led to a complex, bulky structure
[138,139].Metasurfaces were therefore fewer in size and may have less loss in their structures
due to their two-dimensional shape [140]. Metamaterials were also challenged to manufacture
due to their 3D character. An incredibly promising replacement was provided by
metasurfaces. Metasurfaces were simple to produce using planar fabrication equipment
because of its planar structure [141]. When compared to the production of intricate 3D
metamaterials, the flat fabrication approach was likewise quite affordable [142].
Metasurfaces can be easily integrated into other devices because they were material with two
dimensions. This makes them a standout component of nanophotonic networks and enables

them to be used on chip photonics [143].

From the above discussions there must be phase uncertainty occurred at resonance
condition (from the drude model of metals discussed in previous sections) so that negative
refractive index can be created artificially. The physics behind this phase sudden phase
variation of metasurface was explained by generalised snell’s law of reflection and refraction.
Let us consider an artificial surface which divided the two materials boundary as shown in fig
3.22. The two rays were incident on the surface with incident angle ©i as shown with phase
difference on the surface was ¢ and ¢+d¢ where the rays crossed the surface with dx length

between them and refractive indices of two mediums were n; and nt,
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Fig 3.22: interface between two media that was constructed artificially to introduce abrupt phase shift for

incident ray which depends on the position along the interface.

By using the law of Fermat [144,145], it may re-examined the rules of refraction and
reflection when there was a sudden phase shift, also known as a phase uncertainty at the
boundary between two mediums. Considering that the two routes were incredibly near to the
real light path consequently, there was no variation in phase between them. Then

(kon; sin 6;dx + (¢+dd)) — (k,n, sin ©;dx + §) =0 (3.76)
Where k, wave number = 21t /4,

The equation results in the generalised Snell's law of refraction if the phase gradient

across the interface was intended to be constant and after rearranged the equation

n; sin B;- n; sin ©; = j—;j—i’ (3.77)

Equation 3.77 suggested that the refracted ray can have any direction as long as an
appropriate continuous gradient of phase irregularity was introduced across the interface.
Both of the angles of incidence £6; result in distinct values for the angle of refraction due to

the non-zero phase difference in this modified version of Snell's equation. Therefore, if ny <
ni, there were two potential critical angles of total internal reflection.
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O, = sin~1(F 2. Lo dd (3.78)

n; 2mnn; dx

In the same way for reflection

sin©,- sin 6; = Ao db (3.79)

2mn; dx

Where 6, was angle of reflection and above equation showed that there was nonlinear
relation between 6, and 6; and critical angle was given by (after this angle wave became

evascent)

4o
2mn;

401y (3.80)

0. = sin"*(1- ™

All of the incoming energy went into the unnatural reflection and refraction because it
was assumed in the aforementioned calculation that ¢ was a constant function of position
across the contact. This discreteness, still suggested the existence of continuously reflected
and refracted rays which adhere to the standard laws of reflection and refraction i.e put d /dx
=0 in Equation 3.77 then

ng sin B¢- n; sinB; =0
I.e n; sin ©,= n; sin 6; (3.81)

From the above equation if n;was negative for artificial materials as they have both
permittivity and permeability negative, then 6, should be negative to satisfy snell’s law.
Since in designs, an array of optically slim resonators were used together with subwavelength
separation to produce a phase shift along the interface, the energy of the rays that were
strangely reflected and refracted was controlled by the distance that separates the resonators,
So distance between resonators played major role, if the distance was more, then phase
reversal property may altered. The amplitudes of the radiation that was scattered from each
resonator were also assumed to be the same, resulting in plane waves for the reflected and
refracted rays. Through proper resonator design, the equal-amplitude constraint and constant
phase difference across the interface can be achieved. These resonators were also called Meta
atoms. The resonance of the individual meta-atoms was what causes the metasurfaces
negative index. This characteristic put metamaterials in order inherently dispersive, making

their electromagnetic (EM) characteristics most sensitive to variations in their operating
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frequency and limiting their bandwidth. To get the more homogeneity in the EM wave

characteristics, the design of resonator should also give same characteristics.

The term "metasurface” referred to a periodic (or aperiodic) arrangement in which
both the thickness and repeatability of the constituent parts (scatters) were relatively tiny in
relation to the operating wavelength i.e thickness must be less than one tenth of wave length
and size less than one fourth of wave length. These 2D structures may also be further
subdivided into metascreens and metafilms, which refer to independent, individual scatters
and reflective screens, respectively [140]. The spatial distribution of each of the scattering
elements played a crucial role in defining how a surface responds. The metasurfaces set
themselves apart from conventional FSS with this characteristic. Individual components
(periodicity) in a conventional FSS have the order of magnitude of the working wavelength
(typically half wavelength). The fact that each component of a metasurface was sub-
wavelength was another way that metasurfaces and FSSs differed from one other. Building
blocks for metasurfaces can be thought of as traditional homogeneous structures because of
its sub-wavelength nature, which makes it possible to characterise their reaction with useful
parameters. Because a metasurfaces area was narrow, its fields and polarisations must be
averages of its surface fields [145]. All single unit cells may be spatially altered because the
metasurfaces reaction varies depending on the localised behaviour of every cell [147]. Wave
fronts and metalenses can be created using such changes. Wave fronts spanning from
microwave to visual size can be sub-wavelength resolved thanks to the miniaturised
individual "meta-atoms™ of the metafilms. The ability to behave like homogeneous or almost
homogeneous sheets was another characteristic of metasurfaces [148]. The electromagnetic
wave field components can be tailored via metasurfaces. Since the field polarizabilities of
metasurfaces may be tailored to coincide with their impedance, they can have minimal
mismatch losses [149, 150]. From the above discussion, metasurface property was completely
depended on the individual unit cell property and distance between them. The more the Meta

atoms less distance between them in the metasurface gave the more resultant homogeneity in

property.

The main applications of metasurfaces were FSSs, metalenses, antennas and in EMI
fields, some of them were discussed till now. The shape of unit cell found in literature were
straight element, 3-legged, anchor, Jerusalem cross, different structured spirals, various loops,

normal shaped patches and mixer of four leg loaded Jerusalem cross. The designing and
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testing of a graphene metasurface with mixer of four-leg loaded Jerusalem cross, which

reflected X-band frequencies, was done in this work.

67



CHAPTER -4
CVD GROWN METHOD and FTIR SPETRUM OF GRAPHENE

4.1 Chapter Overview

In section 4.2 the discussion was about the CVVD method of preparation of graphene in
detail and finally testing of graphene using FTIR spectroscopy with result were presented in

section 4.3.
4.2 CVD method of preparation of graphene

4.2.1 Brief discussions on CVD grown graphene

Since 2008, the chemical vapour deposition (CVD) technology has been successfully
used to create graphene [151]. An effort has been taken to increase its capability over the past
fifteen years. Today, CVD was thought to be the most widely used and reasonably priced
way of producing huge areas of graphene. Additionally, the synthetic graphene was easily
transferable to other substrates. Applications for CVD graphene have multiplied [152].

The CVD process first entailed the breakdown of hydrocarbon gases over the use of
transition metals, like methane (CHs), acetylene (C2H.) and ethylene (C2Ha), [152]. In
addition to serve as substrates for reactions, transition metals could also function as
facilitators that lower reaction temperatures [153]. By employing a copper substrate, for
instance, the temperature during the thermal breakdown can be lowered from 1200 °C to 900
°C [154]. Transition metals came in a variety of possibilities, including nickel (Ni), copper
(Cu),iridium (Ir), palladium (Pd), ruthenium (Ru), platinum (Pt) and cobalt (Co) [155-161 ].
Ni and Cu were two of these metallic transitions that were inexpensive and frequently used in
CVD techniques [152]. However, since Ni has significantly higher carbon absorption than
Cu, the growth mechanisms on Ni and Cu were distinct. It has been demonstrated that in
high-concentration hydrocarbon gas with the lengthy development time, only a limited
number of atoms of carbon can be dissolved in Cu [162]. Multi-layered graphene was grown
on copper coated Si/SiO. by using atmospheric pressure chemical vapour deposition which
was used for hydrogen sensing purpose [163]. The procedure mentioned in [163] for

fabricating graphene on Si/SiO2 and on cu in our lab was as followed.
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4.2.2 Preparation of sample

The work was started with by cleaning of substrate. The substrates shown in the fig
4.1 with maximum sizes 1cm x 1cm should be taken so that it can put in furnace. The Si/SiO-

substrate was first cleaned by acid process cleaning.

fig (a) fig (b)

Fig 4.1: (a) Si/SiO; substrate, (b) Copper film substrate.

> In this method kept substrate in Trichloroethylene and boil it for 5 minutes,
then sample was put into liquid of ultrasonic cleaner for three minutes to eliminate
the dust particles from wafer.

> Then sample was put into acetone and boil for five minutes, after that again
clean in ultrasonic cleaner for three minute to remove oil and grease if any.

> The inorganic compounds (if any) were removed by keeping sample in mixer
of hydrogen peroxide and sulphuric acid (1:1) for 10 minutes in reaction chamber,
then sample was cleaned by de-ionised (DI) water.

> The organic compounds were eliminated by keep the sample along with
ammonium hydroxide (5sccm) in 4 minutes heated mixer of H2O and H20; (1:1),
keep for 10 min, then clean the sample with DI water.

> The sample was put in heated mixer of HCL, H>O and H20. (6:1:1) for 10
minutes to remove alkaline compounds in sample.

> Now the sample was ready for keeping in CVD reactor, this step was followed
for Si/SiOz substrate and for copper thin films substrate was cleaned by HCL and

acetone.
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4.2.3 CVD growth

> The arrangement of CVD system was shown fig 4.2.

M CVD Furnace

r0729%

& &

{&Nitrogen cylinder

Iethane
ylinder

1P
Fig 4.2: Fabrication of graphene with CVD method.

> The cleaned sample of substrate was loaded into furnace.

> Then vacuum the furnace by using vacuum system still pressure meter shows
low reading i.e below 0.5Ps.

> Meanwhile programme the temperature control programmer according to our
requirement i.e in session 1 set temperature 1000°C with time one hour thirty seven
minutes as shown in fig 4.3, in session 2 kept temperature 1000°C for fifteen

minutes in first experiment and kept for eight minutes in second and third
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experiments. In session 3 set temperature 500°C for one hour forty minutes. In
session 4 set temperature 200°C for thirty minutes and for remaining sessions set all

values to zero.

@ §I72 Mo

Fig 4.3 (b)

Fig 4.3: (a) Temperature setting, (b) Time setting in the Temperature controller.
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> After pressure became low, close the outer air flow nob, then switch on the
temperature controller to raise the temperature of furnace to 1000°C, at the same
time start flow of hydrogen (25sccm) and nitrogen (500sccm) into furnace from
cylinders through MKS mass flow meter which measured the gas volume and were
controlled by MKS mass flow controller.

> The temperature raising rate of furnace was set at 10°C /min in temperature
control programmer i.e it took 97min to raise the temperature of furnace to 1000°C.

> After reaching temperature to 1000°C immediately gas flow rate were changed
to 5scem:300sccm of hydrogen and nitrogen (both 99.99% purity gases) respectively
using gas flow controller and methane gas (99.99% purity gas) of 15sccm sent into
furnace for 15minutes (this time was called growth time, for second and third
experiments it was 8minutes only). During This time decomposition of methane
molecules was done and hydrogen atoms were come out from the outlet and carbon
atoms were in the furnace.

> After 15/8min, the methane gas flow was stopped and retained the flow of
hydrogen (25sccm) and nitrogen (500sccm) to initial state using gas flow controller
with the temperature of furnace was decreased to 500°C with cooling rate of 5° /min
for 100minutes.

> After that hydrogen flow was stopped and nitrogen was continued with
furnace cooling rate 10°C/min until furnace temperature reached to 200°C, then
furnace temperature reached to room temperature naturally.

> The graphene grown Si/SiO or copper sample was taken out and sample was

tested with FTIR spectroscopy.
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Clean the substrate sample

|

Put substrate 'sample in furnace

Vaccume the furnace

@

Raise furnace temparature to 1000C
with 10C/min (H2:N2=25:500 Sccm)

&
Maintain 1000C for 8min
H2:N2:CH4 = 5:300:15 Scem
(Graphene growthing period)

v

Decrease the temparature of furnace
to 500C with 5c/min rate
(H2:N2 = 25:500 Sccm )

Further decrease the temparature
200C with 10C/min Rate and N2=

500 Scem

The furnace temparature come down
to room temparature naturally

Jb

Collect the san'lple from the furnace

Fig 4.4: Flow for CVD grown graphene experiment.

The flow of entire work was shown in flow chart fig 4.4. If cleaning process was not
done before then the annealing of copper surface can also done by hydrogen atmosphere in
reactor initially with keeping reactor temperature to 1000°C for one hour. The care should be
taken during the experiment to maintain the gas flow according to timings set in the

temperature control programmer.

The photograph of graphene grown samples was shown in the fig 4.5. The first

experiment was done on Si/SiO substrate with growth time 15min; second one again on
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same substrate with growth time 8min, and last experiment on Copper substrate with growth

time 8min.

Fig (a) Fig (b) Fig (c)

Fig 4.5: Graphene on (a) Si/SiO, with 15min growth time, (b) Si/SiO, with 8min growth time, (c) Copper with
8min growth time.

As discussed earlier the growth time play main role in number of layers deposition of
graphene, as time increased number of layers also increased. The FTIR spectrum was studied

for above three samples which were shown in following.
4.3 FTIR Spectrum

The versatile substance analysis method known as FTIR (Fourier Transform Infrared
Spectroscopy) aids in control of quality by locating organic or inorganic (some) impurities
that could lead to a malfunction. For users who required assistance detecting unidentified
compounds, additives, impurities, and other material unknowns, FTIR analysis support serve
as a very helpful inspection and troubleshooting tool. An established method for quality
assurance when assessing industrially produced materials was FTIR spectroscopy, which was
frequently used as the initial step in the material examination process. A modification in the
chemical makeup of the substance or the existence of impurity was clearly shown by an
alteration in the unique shape of Transmission/absorption bands. Visual inspection may

reveal product flaws, and FTIR microanalysis was often used to pinpoint their source.
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Smaller particles, usually 10 to 50 microns in size, as well as greater surface areas can be

chemically analysed using this method.

The IRPrestige-21 model FTIR spectroscopy was shown in fig 4.6, which was
available in School of Material Science and Nanotechnology Department, Jadavpur
University. A Graphene grown sample was exposed to infrared light from an FTIR device
that ranges in wavelength from 10,000 to 100 cm™, some of which was absorbed while a

portion of which passes through.

Fig 4.6: FTIR spectroscopy.

The specimen’'s molecules transformed the radiation they absorb into spinning and/or
resonance energy. The resulting indication, which appeared as a spectrum of wavelengths at
the detector's aperture and typically ranges from 4000 cm™ to 400 cm™, represented the
sample's molecular spikes for absorbance. Because every molecule or chemical bonding
structure of a substance will provide a distinct spectral fingerprint, spectral analysis using
FTIR was a fantastic technique for identifying specific chemicals. The peaks below 1500 cm”
1 wave number region was called finger print region. The peak data was collected from

different reference papers for some bonds were show in the table 4.1.
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Table 4.1: FTIR Peak occurrence data collected from different references.

peak value at

SI.No Bond type wave number GO/Graphene Ref no
cm?
1 O-H Stretching 3410
5 CarboxyI_C:O 1791
Stretching GO [164]
3 O-H Deformation 1404
4 C-O Stretching 1087
5 O-H stretching 3397
6 CH2 stretching 2976, 2903
7 C=0 stretching 1727 GO
8 O-H Deformation 1392
9 C-O stretching 1062
10 =C-H 894
11 C-OH stretching 1238 [165]
12 O-H Deformation 1392 Reduced
13 C-O stretching 1062 Graphene
14 C=C Ske!ton carbon 1579
ring
15 N-H stretching 3430
16 C-C Absorption 1535 Graphene after
polymerization
17 C-N stretching 1454
18 O-H stretching 3400
19 C=0 stretching 1730
20 Cc=C Skglton 1622
stretchlng Graphene
21 C-O stretching 1370
-O- 166
29 C-O-C of ether 1058 [166]
stretching
23 Fe-O stretchin 560 .
ng Magnetic
C=C Skelton graphene
24 stretching 1605 composite
25 -OH 3432
X GO
26 C=0 stretching 1711
27 C-H Stretch in 2928, 2865 [167]
methylene
’8 C-O stretching of 1731 Graphene
COOH Group
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29 Carboxylic Group 3412

30 O-H stretching 3450, 1250

31 C=0 stretching 1730

w | Goem e | 0| 0
33 C-O Stretch 1220, 1100

FTIR spectra of reduced graphene with comparison to Graphene oxide was shown in
fig 4.7 [164].

55

50

45
Graphene oxide

40

35

%7

1404 cm!
C-OH

_ Graphene
30 3410 em™

OH

20

400 200 1400 1900 2400 2900 3400 3900
Wavelength (nm)

Fig 4.7: [164] Model FTIR of graphene and Graphene Oxide.

The FTIR spectra of first work, graphene grown on Si/SiO2 Substrate for 15minutes
growth time was shown in fig 4.8. The graph was drawn between wave number and
absorbance, the peaks were aroused at wave numbers at strong 670 cm™ denoted C=C
bending, at 2350 cm™ denoted O=C=0 stretching and 3721 cm™, 3600 cm™ denoted O-H
stretching bonds. The C=C bending represented that the bond angle between two carbons has
changed and some alkane class compound was there, The O=C=0 stretching represented
carbon dioxide compound and O=H denoted some alcohol compounds were there on the

Si/SiO; Substrate. There was no graphene formed.
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Fig 4.8: FTIR spectra of CVD grown graphene on Si/SiO, Substrate for 15min growth time.

The FTIR spectra of second experiment, graphene was grown on Si/SiO, Substrate
with 8 minutes growth time was shown in fig 4.9. The peak was aroused at wave number 610
cm™ denoted C-I Stretching bond or C-Br stretching bond may be there which belongs to

halo compound category. There was no graphene formed.
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Fig 4.9: FTIR spectra of CVD grown graphene on Cu Substrate.

The FTIR spectra of third experiment, graphene grown on copper Substrate was
shown in fig 4.10. The peaks were aroused at wave numbers at strong 517,579 cm™ denote C-
| Stretching, at 1584 cm™ denotes C=C Skelton carbon ring, 1724 cm™ shows that C=0
stretching, 2370 cm™ denotes O=C=0 stretching, 3659 cm™, 3780 cm™ denotes O-H
stretching bonds. As discussed earlier C-I Stretching denoted halogen compound, C=C
Skelton carbon ring represented cyclic alkene compounds, C=0O stretching denoted
unsaturated ester, O=C=0 stretching denoted carbon dioxide compound and O=H denoted

some alcohol compounds were there on the Cu Substrate. There was no graphene formed.
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Fig 4.10: FTIR spectra of CVD grown graphene on Si/SiO; Substrate.

4.4. Discussions on FTIR results

This chapter discussed about growth of graphene on Si/SiO; and Cu with different
growth times. The FTIR spectrum was analysed, for the first sample the FTIR spectra shows
strong peak for C=C bond bending was found along with O=C=0 stretching and O-H
stretching bonds. The FTIR of second sample of graphene on Si/SiO2 with growth time 8min
shows only C-1/C-Br Stretching bond. For third sample on Cu shows strong peak of C=C
Skelton bond with other peaks of C-1 Stretching, C=0 stretching, O=C=0 stretching, O-H
stretching bonds. The above all bonds represents alkane, carbon dioxide, alcohol, Cyclic
alkene and ester compounds were grown on Substrates and finally concluded that graphene
was not formed on any substrate.
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CHAPTER -5

DESIGN AND DEVELOPMENT OF GRAPHENE BASED
METASURFACE FOR X- BAND APPLICATIONS

5.1 Chapter Overview

The way of defining graphene in CST for microwave applications along with
metasurface simulation was discussed in section 5.2. In section 5.3 explained fabrication

process our metasurface and measurement of S11 and Sio.

5.2 Metasurface Simulation
5.2.1 Defining graphene in CST studio

As discussed earlier in the chapter 3, in microwave range, the graphene has intraband
conductivity only which was given by equation 3.73 which was simplified to equation 3.75

when Ef > kgT condition satisfied. In our work, equation 3.73 was taken for more accuracy

and given by

-E
o _ietkgT | Ef Tt
Ointra = Tz oricD) | kot + 2in <e BT + 1 (5.1)
Here, angular frequency (w), chemical potential (E;) and relaxation time (z) were variable

quantities. The variations in conductivity with respect to frequency in microwave region of

graphene with fixed chemical potential (E;) and relaxation time () was shown in fig 5.1

using MATLAB.
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conductivity in simens

The values of chemical potential (Ef) and relaxation time (z) were given by equation

0.55

0.5

045

04F

0.35F

03F

025¢

02

01}

0.05%

3.67 & 3.68.

Here chemical potential was varied with bias voltage applied, and then relaxation time
was varied according to chemical potentials, by varying these two parameters intraband
conductivity was varied, so that graphene sheet resistance was varied accordingly. The values

of parameters of conductivity, Relaxation time and Chemical potential of graphene (equation

Real Part
- Imaginary Part
S
/_/
3 4 5 6 7 8 9 10 11 12
frequency in GHz x10°

Fig 5.1: Graphene conductivity in microwave range.

Relaxation time T = —

Hic
2
evy

Chemical potential Ef = p. = hvsV (@)
S

5.1, 5.2 and 5.3 respectively) were shown in following table 5.1.

Table 5.1: Parameter values along with units which were used in formulas.

SI.LNo | Symbol Parameter Value Units
1 e Charge of electron 1.602*10*° | Coulombs
2 ks Boltzmann constant 1.38*10% JK
3 T Ambient Temperature 300 Kelvin
4 T Relaxation time 11.88 Pico sec
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5 = Chemical potential 10.7 meV
6 . Free space Dielectric constant 8.85*1012 F/m
0
7 € Dielectric constant of arlon 4.3 -
8 u Charge carrier mobility of graphene 10,000 cm? (Vs)L
9 v, Fermi velocity of fermions 3*10° m/Sec
10 v, Bias voltage 30 \/
11 ¢ Thickness of substrate 0.762*10°3 M
S
12 h Reduced planks constant 1.054*1073 J.Sec/rad

conductivity were almost constant in our frequency region with fixed chemical potential (Ef)

and relaxation time (7). From this constant conductivity the value of resistivity of graphene

was calculated, which was used for defining the graphene ohmic sheet resistance in Computer

Simulation Tool (CST 2019) as shown in fig 5.2.
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Fig 5.2: Defining graphene in CST.
5.2.2 Simulation of Metasurface

The designed metasurface unit cell with 16mm square dimensions was operated in X-
band with resonance frequency 10.16GHz. The arlon AD 430 (lossy) was used as substrate

material which has less thickness and thermally stable with following specifications

» Thickness: 0.762mm
> Dielectric constant: 4.3
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> Permeability: 1
» Tan (6):0.003
> Thermal conductivity: 0.46Wk1m™
On this substrate, the metasurface unit cell was designed with graphene was used as a
conducting material. The four legged Jerusalem cross shape was taken for our design and the
dimensions were optimised for X-band applications. The metasurface and unit cell with

optimised dimensions were shown in fig 5.3.

% A
16mm
0.035mm
@ A
k i i igb fge

figa

Fig 5.3: (a) Metasurface full structure, Fig (b) Unit Cell front view, Fig (c) Unit Cell side view.

The simulation of this design by using floquet port mode option in CST 2019 and got
good results of S11 and S12 for different cases of input applied bias voltages which were

shown in table 5.2.
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Table 5.2: Graphene resistivity for different values of applied bias voltage.

Bias _ Relagatipn Chemipal Resistivity
S.No | voltage in | time in pico potential (ohm/sq)
Volts sec (eV)

1 5 4.859 0.0044 9.0643-1.3830i
2 10 6.86 0.0062 4.5567-0.9815i
3 20 9.7 0.0087 2.2957-0.7i
4 30 11.188 0.0107 1.5246-0.5687i
5 50 15.34 0.0138 0.9155-0.4410i
6 100 21.7 0.0195 0.4580-0.3121

The S11 and Si2 of simulated results were shown in fig 5.4 and fig 5.5
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]| (A PP i ............. % ............. :. ......................................
N i ; 5
E70 A— e s :
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3 4 ) b ] 8 9 19.922840 [ 10.37 |1 2
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Fig 5.4: Sy of Simulated results of Graphene Metasurface.
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Fig 5.5: S12 of Simulated results of Graphene Metasurface.

5.2.3 Discussion on Simulated Results

From these results of Si11 and Si2 it can observe that there was a shift in frequency to
high value when applied bias voltage was increased which gave frequency Reconfigurability
by changing the applied voltage. There was also raise in value of S-parameters when voltage
increased and Si1 was maximum when Si2 was minimum and Si> was maximum when Sig

was minimum.

5.3 Fabrication and Measurement of Metasurface
5.3.1 Fabrication of Metasurface

» First masks were prepared using dxf file and Auto-CAD as shown in fig 5.6 for
etching the copper on arlon substrate.
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(a) (b)

Fig 5.6: (a) Mask for Graphene deposition part etching, (b) Mask for other than graphene part etching.

» Then arlon AD 430(lossy) substrate was taken and cleaned its surface with acetone
which was shown in fig 5.7.

Fig 5.7: Cleaned Arlon AD430 Substrate.

> Now etched out the copper from our structured part using mask shown in fig 5.5 (a),

then resultant substrate was shown in fig 5.8.
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Fig 5.8: Structured part etched out Substrate.

» Now graphene ink witch was bought from Shilpent Company was deposited with 0

size brush as shown fig 5.9.

Fig 5.9: Graphene ink deposition.

> After deposition of graphene (fig 5.10), kept the deposited substrate for 30min for
sticking purpose.
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Fig 5.10: Substrate after Graphene ink deposition according to our shape.

> Then heat this structure with dryer to get strong stickiness with substrate. After that
again place a mask shown in fig 5.6 (b) to remove remaining part of copper from the
surface of substrate. After this step the metasurface fabrication was successfully
completed as shown in fig 5.11.

Fig 5.11: Metasurface.
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5.3.2 Measurement of S11 and Si2 of Metasurface

The measurement setup was done in anechoic chamber as shown in fig 5.12. The
metasurface was kept in near field of horn antenna 1 as shown. The Si1 and Si2 were measure
by vector network analyser. First took result of Si1 and Si2 without the metasurface and after
that with metasurface with plane wave propagation. The measured Si1 and Si2 curves were
shown in Fig 5.13 and fig 5.14.

Fig 5.12: Measurement setup of FSS.

Frequency in GHz
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Fig 5.13: Measured S11 from VNA.
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Fig 5.14: Measured Si> from VNA.
5.3.3 Discussion on Measured Results

From the above curves of the measured Si1 and Si2, peak values of both were
increased by 14dB and 8dB respectively from without metasurface to with metasurface,
reflection was maximum where it was minimum transmission and transmission was

maximum where it was minimum reflection.

54 Comparison of Simulated Results with Measurement Results of
Metasurface

The compared measured results with simulated results with 30V bias voltage as
shown in fig 5.15 and 5.16.
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Fig 5.16: Comparison of measured results with simulated results of Si,.
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From the above graph fig 5.15 and fig 5.16, the fabricated graphene metasurface was
successfully reflected X-band frequency resonated at the same as in simulated results. But the
10dB band width was reduced significantly, Si1 was maximum when Si2 was minimum and

S12 was maximum when Si1 was minimum.
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CHAPTER -6
CONCLUSION AND FUTURE WORK

6.1 Conclusions

The aim of this thesis was that designing of Graphene bases metasurface for X-band
applications. For that first, the graphene production was tried lab using chemical vapour
deposition method, by performing three experiments for grown of graphene on two different
substrates. In the first experiment, the graphene was developed on Si/SiO> with growth
timing 15min. in second experiment, the graphene was developed on Si/SiO; substrate with
growth time 8min, and last experiment on Copper substrate with 8min. FTIR spectrum was
analysed for these samples and found that there were different bonding components present
along with C=C bonds on the samples of first and second experiments, there was no C-C
bond formation on any these samples, that shows that graphene was not grown on any of the
substrates. This may due to the flow of gases into the inlet of furnace was not in correct
ratios.

The graphene based four legged Jerusalem shaped metasurface was designed in CST
2019 and fabricated in the lab for X-band applications. The results of reflection resonance
was matched with the fabricated metasurface when measurement of reflection of metasurface
with keeping metasurface in near field of horn antenna (resonant at 10.16GHz). But there was
a significant bandwidth difference in both measured and simulated results. From the
simulation results, the frequency Reconfigurability in both reflection and transmission band
with respect to change in Fermi level of graphene was achieved.

Finally concluded that the designed metasurface can be used in X-band applications
with need of reflections and C-Band applications for need of transmission and in both the
cases small band of frequency Reconfigurability was achieved. The main advantages of
graphene metasurface were that as the graphene was light weight, thermally, mechanically
strong, stable and has excellent electrical and optical properties, so that it can used in satellite
and space applications in X-band.
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6.2 Future Work

This thesis was mainly focussed on the production of graphene using CVD method,
design of graphene based metasurface for X-band applications with small range of frequency
Reconfigurability only in simulation part. As it was Nano structured material the operating
power level was also low and got less gain. By small changes in the shape of unit cell of
metasurface or by introducing spurline in the structure to achieve polarisation
Reconfigurability and sharp frequency cut off filter property for space applications. If
defective ground structure added, the multiband frequency response will come according to
defect shape of ground. By adding different layers of metal like gold or multi-layer graphene

with separated by some materials to get good gain.
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