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Abstract 

Graphene, which is a planar or 2D allotrope of carbon, is actually the building 

block of graphite. Graphene has potential applications in many fields , such as high

frequency field-effect transistors, flexible electronics, touch panels, optoelectronic 

devices, energy storage devices, and wearable technology. Despite such promise, 

most of the graphene-based applications to date are limited to either theoretical 

work or laboratory research. This is due to the many challenges related to 

fabrication of graphene-based devices. 

Continuous graphene is a necessity for many electrical and optical applications. 

These applications, however, are built upon substrates that are not suitable 

for graphene growth. As a result , graphene must be transferred from its growth 

substrate ( usually Cu foil) to a different substrate ( such as a silicon wafer) . Transfer 

techniques often introduce defects in graphene, such as wrinkles, cracks, and voids 

or holes. To address this problem, we developed a wet graphene transfer method in 

which we add a copolymer to poly(methyl methacrylate) (PMMA) prior to transfer. 

Unlike previously reported wet methods, we show that adding a copolymer layer 

atop a PMMA layer before transfer improves graphene continuity by virtually 

eliminating cracks and holes . The result , as det ermined by quantitative image 

analysis, is 99.8% continuous graphene over a 1 cm x 1 cm area. 

In addition to its many unique electronic properties, graphene can sustain 

THz-frequency plasmons at room temperature. In an attempt to exploit this 
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Abstract 

property for THz communication, we have demonstrated a hybrid graphene-metal 

reflectarray structure. In this reflect array, the active elements are metal and 

graphene reduces the reflected power by destroying the confinement . Lastly, 

we investigate all-graphene plasmonic antenna arrays, and propose an array of 

suspended graphene regions to realize plasmonic resonant cavities . 
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CHAPTER 1 

Introduction 

Graphene, which is a two-dimensional (2D) allotrope of carbon, is actually the 

building block of graphite. Single-layer graphene is formed when carbon atoms are 

linked together in a hexagonal lattice that is laid-out in an sp2-bonded hexagonal 

structure, as shown in fig. 1. 1. The bond length between all carbon atoms in 

t his graphene sheet is 0.142nm [l ]. Many layers of graphene stacked on top of 

one another in a 3D structure is what forms graphite. The spacing between two 

graphene layers in graphite is 0.335 nm [2]. 

1.1 Properties of graphene 

Being a monolayer of carbon atoms bonded in a hexagonal lattice structure, 

graphene one of the strongest materials ever discovered. The breaking strength [4] 

of a defect-free graphene sheet is 42 N m- 1 . Suspended graphene also has the 

1 1highest electron mobility (200 000 cm2 v- s- ) at room temperature [5 , 6] among 

all materials ever reported. Monolayer graphene film is 97.7% transparent in the 

visible range [7], and also has extremely high in-plane thermal conductivity [8] . 

1 
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Figure 1.1: 3D Graphite to 2D graphene: different forms of carbon allotropes 
(reprinted from [3]). 

For these reasons, graphene is often referred to as a 'wonder material ' in modern 

science. 

Apart from its unique electronic and optical properties, another remarkable 

property of graphene is that it can sustain THz-frequency plasmons at room 

t emperature [9]. This makes graphene particularly well suited for applications in 

wireless communications. Advances in this area are desirable because the more 

bandwidth becomes available, the more data we want to transfer and the more 

devices we wish to connect; and we want to do all of this wirelessly. This insatiable 

hunger has been driving wireless t echnology, resulting in a doubling of wireless 

data rates approximat ely every 18 months. This trend-known as Edholm's law 

of bandwidth-predicts Terabit-per-second (Tbps) data rates within the next few 

years. 

Graphene has the potential to continue this trend into the t erahertz range. 

2 



Chapter 1. Introduction 

However , purely graphene-based plasmonic applications in the THz range are 

extremely challenging due to the nature of graphene grown by chemical vapor 

deposit ion, which often suffers from a short charge-carrier scat tering time. This 

results in extremely poor quality factor of graphene-based devices [10]. 

1.2 History of Graphene Research 

In 1859 , the British scientist Benjamin Brodie exposed graphite to strong acids 

and obtained 'carbonic acid ' [11]. He thought that he had discovered a new form 

of carbon, called 'graphon' [12] , but scientists later realized that he had discovered 

t iny flakes of suspended graphene oxide cryst als. 

John Desmond Bernal first determined the crystallographic structure of graphite 

in 1924 [13]. Lat er , the stacking of two graphite planes was named after him 

('Bernal Stacking', as shown in fig . 1.2) . P.R. Wallace first predicted the electrical 

properties of monolayer 'graphite' in 1947 [14]. Since then , many attempts were 

made to isola te this single layer from bulk graphite. The t erm 'graphene' was 

introduced by Boehm and Hofmann when they first observed graphene sheet s in 

1986 [15]. 

In 2004, Geim and Novoselov [16] first mechanically exfoliated graphene from 

bulk graphite and studied its extraordinary electronic properties . This opened 

up a whole new area of modern physics. The main difference between their 

seminal 2004 paper and previous graphene studies is that earlier works focused 

only on the experimental observation of monolayer graphene flakes. Geim and 

Novoselov not only successfully exfolia ted a single layer , but they also studied 

its distinguishing electronic properties [12]. For this achievement and subsequent 

remarkable discoveries, Geim and Novoselov were awarded the Nobel Prize in 

Physics in 2010 . 

3 



Chapter 1. Introduction 

A 

Figure 1.2: Original drawing by Bernal to demonstrate the atomic structure of 
graphene layers (reprinted with permission from [13]) . 
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Chapter 1. Introduction 

1.2.1 Post Discovery 

After the discovery of graphene, hundreds of researchers across the globe joined 

in the 'Graphene Rush ' [12], and many interesting graphene-based applications 

were demonstrated for the very first time. Some of the significant achievements in 

graphene research are as follows: 

2007 Freestanding graphene membranes were experimentally isolated for the first 

t ime [17] 

2008 Blake et al. demonstrated graphene-based liquid crystal devices, an ideal 

for displays and other optoelectronics devices [18] 

2009 The Ruoff group performed chemical vapor deposition growth of large area 

graphene [19], making it realistic for real device fabrication 

2010 Proposal of quant um resistance standard based on graphene [20] 

2011 Roll-to-roll production of 30 inch graphene film for t ransparent electrodes [21] 

2012 Ink-jet printed graphene electronics [22] showed promising results for print-

able electronics 

2013 Li and co-workers showed flexible graphene-based lithium ion batteries 

with ultrafast charge and discharge rates [23], suitable for energy storage 

applications 

2013 With a budget of €1 billion, the 'Graphene Flagship ' was launched with 

the goal of commercializing graphene-based devices within 10 years 

2015 Demonstration of graphene-based magnetic field sensors by Xu and co

workers [24] 

2016 'Prospero ', the world's first graphene-enhanced model aircraft , was success

fully tested at the Farnborough International Air Show [25] 

2016 Development of graphene-based mobile phone - The Mobile World Congress 

(MWC) dedicated an ent ire pavilion to graphene for the mobile world. 

5 
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Figure 1.3: Major techniques of graphene synthesis: top-down approaches include 
mechanical exfoliation and reduction of graphene oxides . Bottom-up approaches 
are mainly thermal decomposition of silicon carbide and growth by chemical vapor 
deposition (reprinted with permission from [26]) . 

1.3 Graphene Growth: Popular Techniques 

Figure 1.3 shows an illust ration of the most popular techniques for graphene 

synthesis. Top-down approaches are mainly mechanical exfoliation and reduction of 

graphene oxide, whereas the main bottom-up approaches are thermal decomposition 

of silicon carbide and chemical vapor deposition. Bottom-up techniques offer better 

scalability for large-area growth. Below we briefly introduce each of these synthesis 

methods. 

6 



Chapter 1. Introduction 

1.3.1 Mechanical Exfoliation 

Novoselov et al. [16] first mechanically exfoliated single layer graphene from 

graphite. This t echnique to obtain monolayer graphene is commonly known as 

the 'Scotch-tape Method'. In this method, tiny graphite pieces are exfoliated onto 

a subst rate using adhesive tape. The exfolia ted pieces are once again picked up 

by the tape, re-exfoliated , and again deposited . This process is repeated until it 

produces monolayer flakes . The Scotch-tape method yields graphene with very 

1 1good crystallinity and high electrical mobility (approximately 10 000 cm2 v- s-

at room temperature [16]), but the tedious manual approach and difficulty covering 

large areas make this method very difficult to scale, thus unsuitable for industrial 

applications. 

1.3.2 Thermal Decomposition of Bulk SiC 

In 1965, D. V. Badami first reported the thermal decomposition of silicon carbide 

(SiC) to produce graphite [27]. After the discovery of monolayer graphene, several 

groups reported different methods t o improve the quality and cont inuity of large 

area graphene films. Emtsev et al. [28] developed a method to grow wafer-scale 

graphene layers from high temperature graphitization of SiC. In this method , 

commercially available SiC wafers are annealed at very high t emperature (more 

than 1400 °C) to evaporate silicon atoms from the free surface . The remaining 

carbon atoms then rearrange themselves in a planar structure to from graphene 

layers. There are several other reports of growing graphene from SiC [29-31], 

but this technique provides graphene with varying thickness and small grain 

size [32 , 33]. 

7 



Chapter 1. Introduction 

1.3.3 Reduction of Graphene Oxide 

Graphene oxide (GO) is few-layer (or sometimes monolayer) oxidized graphite. 

Reduced graphene oxide (often referred as rGO) is produced by thermal, chemical 

or electrical treatment of GO [34] . Boehm et al. first reported microscopic 

observation of single-layer rGO flakes in 1962 [35, 36]. Since then, there have been 

several reports of different reduction methods to obtain rGO , such as : react ing 

GO with hydrazine hydrate in colloid state [37], hydrazine vapor [38], high

temperature thermal annealing [38-40] etc . Despite such improvements in rGO 

growth techniques, the properties of the graphene film produced by these techniques 

are much lower than the theoretically predicted values. This limits the electronic 

and optical applications of rGO-based devices. There is plenty of room to improve 

the quality of rGO for real device applications . 

1.4 Graphene Characterization Techniques 

There are many techniques to characterize graphene, but the methods used during 

the course of this research are optical microscopy, scanning electron microscopy 

(SEM), Raman spectroscopy and terahertz time-domain spectroscopy (THz-TDS). 

In the following section we describe each of these methods. 

1.4.1 Optical Microscopy 

Optical microscopy analysis of graphene on Cu foil is not effective due to poor 

contrast . However , on a dielectric substrate (SiO2 ) of proper thickness (90 nm 

or 300 nm) interference yields enough contrast to not only observe monolayer 

graphene films , but also discern multi-layer regions. Although visual observation 

is not a reliable technique to determine the number of layers in graphene samples, 

it can give a rough estimate of the layer number and quality, continuity, holes , 

8 



Chapter 1. Int roduction 

Figure 1.4: Optical microscopy contrast comparison of graphene: (a) graphene 
film on Cu foil , and (b ) graphene film on dielectric (Si02 ) substrate. In (a) , Cu 
grain boundaries are visible as dark lines . In (b), multilayer nucleation regions 
(dark spots) and holes/voids (lighter areas) in t he transferred graphene film are 
visible. 

cracks, density of mult ilayer nucleation regions and contamination on the graphene 

film. Figure 1.4 shows a comparison image of the contrast of graphene films on 

Cu foil and on a dielectric substrate. 

1.4.2 Scanning Electron Microscopy (SEM) 

Low voltage SEM (2 to 5 kV) gives much better contrast compared to optical 

microscopy. Figure 1.5 shows an SEM image of a graphene film on a dielectric 

subst rate. Wrinkles , cracks and voids in the graphene are clearly visible. Apart 

from surface morphology, SEM does not provide information on any other graphene 

propert ies , such as electronic propert ies , doping level or layer number. 

1.4.3 Raman Spectroscopy 

Raman spectroscopy is a powerful, non-destructive method to characterize many 

aspects of graphene, such as electronic properties, defect level, number of layers 

and even thermal propert ies. Figure 1.6(a) shows the electronic Brillouin Zones 

(BZ) of graphene (shown as black hexagons) and a schematic of Dirac cones. Two 

atoms per unit cell yield six normal vibrational modes at the BZ center [41], known 

9 



Chapter 1. Int roduction 

Figure 1.5: SEM image of CVD-grown graphene transferred onto a SiO2 / Si 
substrate. Wrinkles , cracks and voids are labeled. The large dark area near the 
center is a mult ilayer region. 

as the r point. Figure 1.6(b) shows the Raman spect ra of high-quality, pristine 

graphene (top) and poor-quality, defective graphene (bottom). For excitation 

in the visible region, the Raman spectrum of amorphous carbon has two main 

peaks: the D peak near 1360 cm- 1 and the G peak at 1560 cm- 1 [42] . In contrast , 

defect-free graphene has two signature peaks due to its planar sp2 structure, the 

G peak (1580 cm- 1 ) and the 2D peak (2700 cm- 1 ) [42]. The carbon D peak (and 

several smaller modes) can appear in defective graphene, as shown in fig . 1.6(b)). 

In t he next paragraph, we describe the theory of peaks origin in graphene. 

Figure 1.7 shows the Raman scattering process in monolayer graphene. The 

electron dispersions are shown as solid black lines , interband transitions as blue 

arrows, emission as red arrows, intraband transitions as dashed arrows and electron 

scattering by a defect are shown as horizontal dotted arrows. In defective graphene, 

the D peak occurs due to intervalley scattering [43] and the presence of breathing 

10 
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Figure 1.6: (a) Electronic Brillouin zones of graphene (shown as black hexagons) 
and schematic of Dirac cones. (b) Upper and lower Raman spectra are respectively 
from pristine and defective graphene (reprinted with permission from [43]) . 

modes of sp2 atoms in hexagonal rings [44, 45]. The G peak occurs due to an 

in-plane optical vibration, which is the result of stretching of the sp2-hybridized 

carbon-carbon bonds [46]. The 2D peak is the overtone of the D peak, and the 

result of two phonons with equal energies but opposite momenta at the K and K' 

corners of the Brillouin zone [44, 45]. Unlike the D peak, which is present only in 

defective samples, the 2D peak is present in graphene regardless of the presence of 

defects. 

The shape of the 2D peak contains information about the layer number and 

st acking order of the graphene layers . The standard method to det ermine the 

number of layers in graphene is to calculate the intensity ratio of the 2D peak, I(2D) 

to the G peak, I(G) [46, 47] . By this method, I(2D) / I(G) 2, 2 indicates graphene is 

monolayer , whereas I (2D) / I (G) ~ 1 means bilayer and I (2D) / I (G) < 1 indicates 

multilayer graphene film. 

1.4.4 Terahertz Time-Domain Spectroscopy 

The upper part of fig . 1.8 shows a schematic illustration of a THz t ime-domain 

spectroscopy (THz-TDS) system , which we used to characterize the electronic 

properties of the graphene films transferred onto dielectric subst rat es. We used 

THz-TDS in the range of 0.5 to 2.5THz to extract the complex conductivity 

11 
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Figure 1.7: Raman scattering processes in graphene: origin of D, G and 2D peaks, 
and combinations thereof (reprinted with permission from [43]) . 

of the graphene fi lms [48, 49]. We do this by illuminating five random areas 

on each graphene sample with THz light (1 mm spot size) , and converting the 

time-domain signal into frequency-domain via Fourier t ransform, as shown in the 

lower part of fig . 1.8. We then compare the measured THz signal with that of a 

bare SiO2 / Si reference substrate to determine the Fresnel reflection coefficient at 

the substrate-graphene interface [50]. Finally, we extract the complex conductivity 

and simultaneously fit the real and imaginary parts to the Drude-Smith model [51]. 

The two fitting parameters are the scattering time and the DC conductivity [52]. 

12 
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Figure 1.8: Schematic illustration of a THz-TDS system. THz-pulse in the time 
domain (bottom right) is converted into the frequency domain by fast Fourier 
transform (bottom left) . (Reprinted from ref. [53]) 
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CHAPTER 2 

Chemical Vapor Deposition 

Large area CVD growth of graphene on copper (Cu) foil was first demonst rat ed 

by Li et al. [19] using methane as a carbon precursor gas. After this discovery, a 

whole new era of industry-compatible fabrication of graphene-based devices opened 

up . Over the following few years, many research papers were published describing 

graphene growth on different metals, such as nickel [54-56] , iridium [57, 58] and 

platinum [59, 60]. To date, Cu foil is the most widely used substrate for graphene 

synthesis due to its low cost, low carbon solubility at high temperature [61] and 

the self-terminating nature of its graphene growth [62] . 

2.1 Cu Foil Cleaning 

We grew monolayer graphene from methane using low-pressure chemical vapor 

deposition (LPCVD) . Before growth, the as-received copper foil (25 µm thick, 

Sigma-Aldrich, Lot # MKBP8380V) was cleaned by sonication in acetone and 

isopropyl alcohol (IPA) for 15 min each. This was immediately followed by immer

sion in hydrochloric acid for 10 min to remove the native oxide layer [63] and any 

14 
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metal impurities from the Cu surface [64]. The next step was 5 min sonication in 

deionized (DI) wat er to remove any residual acid from the Cu surface. Finally, 

in order to suppress graphene nucleation, [65] we placed the clean Cu foil on a 

300 °C hot plate for 40 min to oxidize the surface. 

2.2 Graphene Growth 

After cleaning and treating the surface, the Cu foil was placed in a quartz tube 

passing through the center of a 90 cm horizontal three-zone split furnace (Carbolite 

HZS 12/ 600) as shown in fig . 2.1. The furnace was then heated from room 

t emperature to 1000 °C at a rate of 15 °C min- 1 while continuously supplying a 

mixture of 5% hydrogen (H2 ) in 95% nitrogen (N2 ) at a flow rate of 500 sccm into 

the reaction chamber. After reaching the growth temperature, we continued the 

gas flow for 60 min to anneal the Cu foil. Annealing causes the polycrystalline Cu 

surface to recrystallize in the (100) orientation [66] , and the H2 environment helps 

to remove the nucleation-suppressing oxide layer from the surface to facilitat e 

graphene growth [67]. 

After annealing, we synthesized graphene by introducing methane (CH4 ) gas 

(99 .97% purity) in three st ages: 0.l sccm for 15 min, l sccm for lOmin, and then 

10 seem for 5 min. During these stages we continually supplied 5% hydrogen (H2 ) 

in 95% nitrogen (N2 ) at a flow rate of 500 sccm (fig. 2.2) . We maintained a pressure 

of 2.4 kPa throughout the growth process. At the beginning of growth, the partial 

pressure ratio of H2 to CH4 was 250 in order to maximize the growt h rate [69]. 

This was reduced in steps as growth progressed to achieve full graphene coverage. 

After growth, we opened the chamber to expedite cooling while maintaining the 

same H2 mixture flow rate to protect the graphene film from oxidization. 

Figure 2.3 shows a photograph of the LPCVD system used in our lab to grow 

graphene. This CVD set up is nearly the same as the schematic diagram shown in 

15 
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Valve Heater 

1 

"4FC Reader 

Figure 2.1: Schematic of an LPCVD system. Gas flow rates are controlled by mass 
flow controllers (MFC). Reactions happen in the high-temperature reactor , and 
exhaust gases are evacuated using a vacuum pump connected to the outlet . The 
pressure inside the reactor is adjusted using a pressure control valve (reprinted 
from [68]) . 

fig. 2.1. The only difference between our CVD set up and the schematic illustration 

is that we used two mass flow cont rollers (MFC) , one for cont rolling the flow rate 

of carbon precursor gas (CH4 ) and the ot her for the H2 /N2 mixture. 

Figure 2.4 shows an optical image of a continuous graphene film on Cu foil 

after LPCVD growth . Cu grain boundaries are visible beneath the graphene film. 

Rolling st rain (wavy formations) induced during the foil production process are 

also visible. 

Figure 2.5(a) shows a Raman spectrum of graphene film on Cu foil , and 

fig. 2.5(b) shows the same spectrum aft er subtracting the Cu photoluminescence 

background [70]. The absence of a D peak near 1350 cm- 1 indicat es that the 

graphene is of high quality [42]. The intensity of the 2D peak is roughly double 

t hat of the G peak, indicating monolayer graphene [46, 4 7]. 

2.3 Influence of growth parameters 

For CVD growth of graphene, the gas flow rate, part ial pressure and growth t ime 

are the most important paramet ers. Imbalance of these can result in dendrit ic or 

16 
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500 SCCM 5% H2 mixture 

60 15 10 5 

Time (min.) 

Figure 2.2: Schematic diagram of graphene growth process . Heating rate is 
15 °C min- 1 , Cu foil annealing time is 60 min and growth t ime is 30 min. CH4 flow 
rate was gradually increased to obtain full-coverage of graphene film on Cu foil. 

Figure 2.3: Picture of low-pressure chemical vapor deposition (LPCVD) syst em 
used for graphene growth in our lab . 

17 



Chapter 2. Chemical Vapor Deposition 

Figure 2.4: Optical images of CVD-grown continuous graphene films on Cu foil. 
Copper grain boundaries ( dark lines) and rolling st rains on Cu ( wavy formations) 
are visible. 

18 
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Figure 2.5: Raman spectra of a CVD-grown graphene fi lm (a) on Cu foil and (b) 
after subtracting the Cu photoluminescence background. The 2D peak intensity is 
approximat ely double the G peak intensity, and the absence of a D peaks proves 
this graphene is monolayer and nearly defect-free . 
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discontinuous graphene films . Examples of defective graphene films resulting from 

these conditions are shown below. 

2.3.1 Balancing hydrogen and methane supply 

Vlassiouk et al. [69] described the role of H2 in graphene growth as follows: When 

molecular hydrogen collides with a hot Cu surface, it breaks into active hydrogen 

atoms [71 , 72] . These active atoms initiate dehydrogenation of CH4 leading to the 

formation of stable hexagonal carbon rings, i.e. graphene. The equations describing 

t his process are [69] 

H

Cu + H2 +-+ 2Hs (2 .1) 

Cu + CH4-+ (CH3)8 + Hs - slow (2 .2) 

Cu + CH4 +-+ (CH4) 8 (2 .3) 

(CH4) s + Hs f-t (CH3)s + H2 (2 .4) 

(CH3)8 + graphene +-+ (graphene + C) + H2 (2 .5) 

8 + graphene +-+ (graphene - C) + (CHx)s (2 .6) 

Vlassiouk et al. [69] also found that in order to achieve a perfect hexagonal 

graphene crystal, the partial pressure ratio of PH 2 / PcH4 needs to be between 

200 and 400. Figures 2.6(a )-(b) show optical images and figs . 2.6(c) -(d) show 

SEM images of dendritic graphene due to improperly balanced H2:CH4 flow rates . 

Excess hydrogen present during growth made the etching rate of graphene higher 

than the growth rate, resulting in irregular graphene regions [69]. 

2.3.2 Influence of growth time 

After forming hexagonal graphene domains, the la teral growth rate of graphene 

islands slows significantly. This is due to a reduction in available dangling bonds 
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Figure 2.6: Effect of improper H2 to CH4 flow rat e ratio: (a)- (b) optical images 
and (c)-(d) SEM images of CVD-grown dendritic graphene. 

ready to incorporate more carbon atoms. At this stage, etching by H2 dominates 

over growth. 

In order to increase the la teral growth rat e, i.e. to allow graphene islands 

to completely merge together into continuous films , there are two options: (1) 

increase the partial pressure of carbon precursor, or (2) increase the growth time. 

The first opt ion results in more graphene nucleation sites, which also increases the 

number of unwanted multilayer nucleation sites. Prolonged growth time does not 

suffer these drawbacks, hence is the preferred option for obtaining a continuous 

monolayer film. Figure 2.7 shows SEM images of hexagonal graphene islands 

resulting from short (insufficient) growth time. During CVD growth, as described 

in Section 2.2, all these parameters were optimized in order to achieve continuous 

monolayer graphene films. 

21 



1

Chapter 2. Chemical Vapor Deposition 

r,t-,q ,]1 1 K X 1 11m WI - !',mm ~HI - 1 'Jl kV S1qna l A l11l~l'ls lkl1i.! 1!'.111•l 1 □ 1ti FJB Lo~!,;Mags = No 

Auriga~"38 ---- ' 1 1 lmMJlnq SI r.! l'lm'!.u- Hurl.i or:1mn 1 1111• Avq nu 1-'1111)(! • ltlKV"1llJ1A J, I1 (orrn Off 

Figure 2.7: Effect of insufficient growth time: SEM images of CVD-grown discon
tinuous hexagonal graphene islands. 
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CHAPTER 3 

Graphene Transfer Methods 

Continuous graphene is a necessity for many electrical and optical applications [73]. 

These applications, however, are built upon substrates that are not suitable for 

graphene growth. As a result, graphene must be transferred from its growth 

substrate (usually Cu foil) to a different substrate (such as a silicon wafer) for use 

in applications. 

3.1 Dry Transfer Technique 

Several transfer methods have been investigated for transferring graphene. One 

general approach-known as 'dry transfer'-typically uses thermal release tape 

(TRT). This method is relatively straightforward, but maintaining graphene 

continuity has proved to be very difficult. Graphene transferred using TRT is 

also prone to contamination by residual adhesive [74]. Similarly, hot-pressing 

and roll-to-roll processes are reportedly prone to cracks, holes, and wrinkles [75]. 

Because of these drawbacks, so-called 'wet transfer ' , or polymer-assisted transfer, 

is more widely used when continuity and coverage are paramount . 
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3.2 This Work: Wet Transfer Technique 

The most commonly used polymer for wet graphene t ransfer is poly(methyl 

methacrylate) (PMMA). Numerous studies have demonstrated differing degrees 

of success with PMMA-based graphene transfer processes, but the continuity is 

generally better than can be achieved by dry transfer. Adding a second P MMA layer 

after t ransferring graphene has been shown to improve the graphene continuity [76]. 

This second layer is thought to mechanically relax the first P MMA layer , thereby 

reducing the occurrence of cracks. More recently, Barin and coworkers [77] showed 

t hat the concentration of t he second P MMA layer is important in determining 

t he transferred graphene quality. However , addit ion of this second layer did 

little to prevent large folds and/ or wrinkles. A method to reduce wrinkles in 

graphene by baking the PMMA/graphene film after t ransfer was reported by 

Liang and coworkers [78]. Although this thermal treatment improved the contact 

between graphene and the substrate, the problem of significant holes still remained. 

Alternative polymers, such as polyethylene [79], have recently been used as a 

support ing layer , but wrinkles and D peak are visible in the transferred graphene. 

Despite these advances, eliminating small cracks and holes to yield completely 

cont inuous graphene remains a challenge. 

We have developed a wet graphene transfer method in which we add a copolymer 

to PMMA prior to t ransfer [80]. Unlike previously reported bilayer PMMA 

methods [76 , 77], we find that adding a copolymer layer atop a PMMA layer before 

transfer improves graphene continuity by virtually eliminating cracks and holes . 

The result, as det ermined by quantitative image analysis, is 99.8% continuous 

graphene over a 1 cm x 1 cm area. 
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3.3 Graphene Transfer 

In preparation for transfer , we spin-coated a PMMA solution (4% in anisole, 

MicroChem 495PMMA A4) onto as-grown graphene. Following this application, 

we transferred graphene using the following three methods. 

Ml. 11 PMMA (conventional method): transfer as-is. 

M2 . 21 PMMA: Spin-coat a second layer of PMMA identical to the first , then 

transfer. 

M3. PMMA+copolymer: Spin-coat a copolymer film at one of the following times. 

(a) Before transfer to the silicon wafer (immediately after soft-baking the 

PMMA) 

(b) After transferring the PMMA/graphene film onto the silicon wafer 

The copolymer used contains PMMA and poly(methacrylic acid) (MAA) at a 

concentration of 9% in ethyl lactate (EL) and is commercially available (MicroChem, 

MMA(8.5)MAA EL9) . We soft-baked the copolymer at 150 °C for 3min after 

deposition. 

Before the transfer step for all methods (see fig . 3.1) , we etched away any 

graphene from the back side of the Cu foil using oxygen plasma, as described by 

Chen et al . [81]. We then dissolved the Cu foil by placing it in a 0.1 M solution of 

ammonium persulfate (Acros Organics, 98+%, UN1444), followed by a two-stage DI 

water bath (30 min each) to rinse the polymer-supported graphene film and remove 

any residual Cu etchant. After rinsing, we scooped the floating polymer+graphene 

film onto a clean Si wafer and baked on a hot plat e at 60 °C for 5 min. This 

was followed by an additional bake a t 135 °C for 10 min to improve interfacial 

contact [78]. In the final step , we removed any residual polymer by immersion in 

warm (55 °C) acetone for at least ten hours. 
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Figure 3.1: Schematic diagram of graphene wet transfer. Ml , M2 and M3 denote 
method 1 [monolayer (11) PMMA] , method 2 [bilayer (21) PMMA], and method 3 
(PMMA+copolymer) described in the text (reprinted with permission from [80]). 
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3.4 Results and discussion 

3.4.1 Transfer method comparison 

We characterized the t ransferred graphene films using optical microscopy, Raman 

spectroscopy (Renishaw inVia Reflex, 488 nm excitation), scanning electron mi

croscopy (SEM, Carl Zeiss AURIGA) , and time-domain terahertz spectroscopy 

(THz- TDS , Advantest TAS7500TS) . To quantify the graphene continuity, we 

processed the optical micrographs as follows. First, we manually filled all visible 

holes with a color very dissimilar to the rest of the image. This step was not 

automated because image processing software can not reliably discern holes from 

other features such as residual PMMA or bilayer graphene regions. We then used 

the ImageJ software package [82] to calculate the coverage of graphene regions and 

holes in each image from the percentage of pixels above or below a suitable color 

threshold. Processing figs . 3.2(a), (b) and (c) in this way yielded the images shown 

in figs . 3.2(d), (e) and (f) respectively. Black areas represent holes in the graphene, 

whereas white areas represent continuous graphene. We performed this analysis 

for nine separate areas within each transferred graphene sample (see fig. 3.3), and 

for all three methods shown in fig. 3.1. We describe the results specific to each 

transfer method below. 

Single-layer PMMA transfer (Ml) 

Although we baked the PMMA/graphene after t ransfer t o improve interfacial 

contact between the graphene and the subst rate [78], large cracks, holes and 

wrinkles were still present , as can be seen in fig. 3.2( a) and fig. 3.2( d) . The Raman 

spectrum in fig. 3.2(g) is representative of graphene transferred using this method. 
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Figure 3.2: (a), (b), (c) Optical micrographs of graphene film transferred using 11 
PMMA, 21 PMMA, and PMMA+copolymer (Method 3a) respectively. (d) , (e) , 
(f) Results of image analysis of optical micrographs in (a), (b) , and (c) . White 
(black) areas indicate graphene (holes) . (g) , (h) , (i) Representative Raman spectra 
corresponding to graphene shown in (a), (b), and (c) . Scale bars are 25 µm for all 
images (reprinted with permission from [80]) . 

QJ 0 0 

Figure 3.3: Schematic illustration of the areas used for image analysis. Total area 
is approximately 1cm x 1 cm (reprinted with permission from [80]) . 
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Table 3.1: Coverage statistics for each graphene transfer method. 

Sample Max. (%) Min.(%) Mean(%) Std. Dev. 

PMMA+copolymer 99.94 99 .77 99 .84 0.06 
11 PMMA 99.98 96 .23 98 .25 1.34 
21 PMMA 99.97 94.21 98 .37 2.21 

Bilayer PMMA transfer (M2) 

In the case of bilayer (21) PMMA/graphene transfer, the second layer of PMMA 

leads to partial dissolution and softening of the first layer [76] . However , despite 

baking at above 100 °C to evaporate residual water trapped between graphene 

and the substrate [78], we still observed cracks and holes after PMMA removal 

[see figs . 3.2(b) ,(e)] . We also found evidence of PMMA residue, based on Raman 

spectral features in the vicinity of 1200 to 1400cm- 1 in fig. 3.2(g) ,(h) [83, 84], 

suggesting polymer removal is challenging with this method. 

Copolymer assisted transfer (M3) 

Figure 3.2(c) shows graphene transferred using Method 3a (fig. 3.1). Optical 

micrographs show only the occasional small hole in the transferred graphene, but 

no other apparent damage [fig. 3.2(f)] . Figure 3.2(i) shows a representative Raman 

spectrum of the same sample. The absence of a D peak confirms the high graphene 

quality [42], and no PMMA signals are evident . 

Based on our analysis of these three methods, we find that the copolymer

assisted transfer (Method 3a) yields 99.8% continuous graphene, compared to 

98.4% for 21 PMMA and 98 .3% for 11 PMMA methods . In addition to having the 

highest average continuity, Method 3a also yields the most consistent results . The 

coverage standard deviation for the copolymer assisted method is 0.06% (see table 

3.1) , suggesting that the transferred graphene is highly continuous throughout the 

entire 1 cm x 1 cm transferred area. 
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Figure 3.4: Optical micrographs and corresponding threshold-adjusted images of 
the same areas for graphene transferred using Method 3a. The scale bar in the last 
image is 50 µm , and applies to all images (reprinted with permission from [80]). 

We attribute the small holes in fig. 3.2(c) to pinhole defects, which occur 

during CVD growth of graphene on rough Cu surfaces [85]. We measured the 

RMS surface roughness (Rq) of our Cu foil using a surface profilometer at different 

positions after the CVD process. The roughness was approximately 150 nm, which 

is reasonable for commercially available, unpolished Cu foil [86, 87] . We note that 

t he Rq value is on the order of the thickness of the spin-coated film, thus it is 

likely that PMMA coverage and/ or adhesion between the graphene and PMMA 

is inconsistent. This might explain to the few wrinkles or holes we did observe. 

This may also explain why graphene film t ransferred using Method 3b ( copolymer 

added after transfer) was less continuous than graphene t ransferred using Method 

3a (see fig . 3.4). Based on these results, we determine that it is critical to add the 

copolymer layer prior to transfer. 
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When applied by spin-coating under identical conditions, the copolymer used 

here will form a film that is approximately twice the thickness of a PMMA film [88]. 

As a result , the amount of residual solvent contained in the soft-baked copolymer 

layer will be considerably more than in an identically prepared PMMA layer . 

Moreover, relative evaporation rates are 0.22 for ethyl lactate and 0.32 for anisole, 

which means the copolymer solvent evaporates more slowly than the PMMA 

solvent. This combination of greater solvent volume and slower evaporation rate 

means the underlying PMMA layer can be softened/ relaxed to a greater extent by 

a copolymer layer than it could be by a second PMMA layer. Hence, the presence 

of copolymer before transfer (Method 3a) leads to improved contact between the 

graphene and PMMA [76], resulting in continuous transferred graphene as shown 

in fig. 3.2(c) . Conversely, if the copolymer is not added to the PMMA until after 

transfer (Method 3b) , the solvent in the copolymer cannot effectively relax the 

PMMA because the polymer has had more time to cure. Pits and pinholes can 

form in the PMMA as it cures [89], resulting in considerably more cracks, holes , 

and wrinkles in the transferred graphene (fig. 3.5). 

We used SEM imaging to characterize the morphologies of three graphene films 

transferred using lL PMMA, 2L PMMA, and PMMA+ copolymer. Voids and a 

considerable amount of wrinkles are visible in fig . 3.6(a) ,(b) , whereas the amount 

of transfer-induced damage visible in Fig. 3.6(c) is negligible. 

3.4.2 Analysis of copolymer-assisted transfer 

We performed large-area Raman mapping to further evaluate the continuity and 

quality of the graphene transferred using copolymer. Figure 3.7 shows a Raman 

map of continuous graphene transferred using Method 3a ( copolymer added before 

transfer) . No cracks, holes, or wrinkles are visible in the image area. Superimposed 

Raman maps from six locations show essentially no regions with I2D / le < 1, 

indicating mostly monolayer and some bilayer graphene [42, 47] . This is consistent 
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Figure 3.5: (a) , (b) Optical micrographs of graphene film transferred using Method 
3b. Holes and cracks are clearly visible (reprinted with permission from [80]) . 
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Figure 3.6: Scanning electron micrographs of graphene film transferred using (a) 
11 PMMA, (b) 21 PMMA, and (c) PMMA+copolymer (Method 3a). Scale bars 
are 2µm for all images (reprinted with permission from [80]). 
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Figure 3.7: Raman map of 2D/G intensity ratio of graphene transferred using 
Method 3a (PMMA+copolymer in Fig. 3.1) (reprinted with permission from [80]). 

with the optical micrographs in fig. 3.2. The similarity in the Raman maps 

suggests that these six areas are representative of the entire 1 cm x 1 cm transferred 

graphene. 

As an additional metric, we used THz-TDS to extract the complex conductivity 

of each of the graphene samples [48, 49]. We extract the complex conductivity and 

simultaneously fit the real and imaginary parts to the Drude-Smith model [51]. 

One of the two fitting parameters is the scattering time [52], which we plot in 

fig. 3.8. Also plotted in the same figure are the statistical distributions of area 

coverage calculated for graphene transferred using each of the three methods 

shown in fig. 3.1. We see that the scattering time tends to be longer when the 

graphene coverage is higher. Although a quantitative relation between coverage 

and scattering t ime is not well established, qualitatively we expect the scattering 

time to increase when holes, cracks, and other scattering sites are reduced. The 

correlation between higher graphene coverage and longer charge-carrier scattering 
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Figure 3.8: Boxplot of the area coverage (left axis) and values of scattering 
time (right axis) for graphene transferred using different methods (reprinted with 
permission from [80]) . 

time further supports our conclusion based on Raman and image analysis that the 

copolymer-assisted graphene transfer method proposed here (Method 3a) yields 

nearly complete graphene continuity. 

35 



CHAPTER 4 

Graphene Plasmonic Antenna Arrays 

With more bandwidth becoming available, increasingly more devices need to con

nect wirelessly for various applications. This has resulted in a doubling of wireless 

data rates approximat ely every 18 months. This trend-known as Edholm's law 

of bandwidth- predicts we will reach Terabit -per-second (Tbps) data rates within 

a few years [90]. Just as Moore's law describes t he progress of silicon-based tran

sistor technology, Edholm's law describes the progress in wireless communication 

technology [91]. Existing technologies cannot support Tbps dat a rat es, but a 

promising way to realize such speeds is to move from GHz to THz frequencies [92] . 

The major challenge to operating in the THz band ( 0 .1 to 10 THz) is significant 

path loss, which is primarily due to absorption by wat er vapor. Improving THz 

sources and detectors is one way to overcome t his problem , and there have been 

considerable advances in recent years. In addit ion to increased detector sensit ivity 

and emitter power , directional antenna arrays are necessary to concentrat e and 

steer the reflected or transmitted signals [93, 94]. Consequent ly, there is a critical 

need for compact antenna arrays capable of transmitting and receiving information 

in the THz band. Cont rol of the array response is essent ial to achieve this goal. 
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Graphene is arguably the best-suited material to enable applications in the THz 

range. Apart from its unique electronic properties, it also supports THz-frequency 

plasmons at room temperature [9]. Zakrajsek et al. [95 , 96] theoretically demon

strated a lithographically defined graphene antenna array for THz communication. 

In principle, THz light can generate surface plasmon polaritons (SPPs) in graphene. 

This greatly enhances the confinement factor because the SPP wavelength is con

siderably smaller than its free space counterpart [97, 98], which is why proposed 

graphene-based plasmonic antennas are much smaller than traditional metallic an

tennas at THz frequencies. By patterning graphene into arrays of isolated elements, 

the induced SPP wave can resonate at a desired frequency, which is determined by 

the graphene antenna dimensions. In the proposed design , a continuous graphene 

film could be patterned using photolithography (as shown in fig. 4.1) , then THz 

light was shone on the patterned structure to generate plasmonic resonance and 

reflection at a desired frequency [96]. 

Based on antenna design parameters determined using COMSOL Mult iphysics 

simulations, as described in ref. [96], we fabricated different antenna arrays from 

transferred graphene. The design was such that the reflectarray would resonat e 

a t 1.5 THz, which does not overlap with any water absorption peaks in the THz 

spectrum. We describe the fabrication steps of lithographically defined plasmonic 

graphene antenna arrays in the following section. 

4.1 Fabrication of graphene plasmonic antenna 

arrays using photolithography 

We grew and transferred graphene using the same methods described in chapters 

2 and 3. We then used photolithography to pattern graphene into the desired 

shapes . The photolithography procedure is described in detail in Appendix A. 

We chose photolithography over electron beam lithography to pattern graphene 
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Figure 4.1: Schematic illustration of graphene plasmonic antenna array (reprinted 
with permission from [96]) . 

films because large areas (> 1 cm2 ) can be patterned much more quickly with 

photolithography. Elect ron beam lit hography writes elements one at a t ime, thus 

would require many hours to pattern sufficiently large areas. 

4.2 All-graphene plasmonic antenna arrays 

Using photolithography, we fabricat ed different types of plasmonic graphene 

antenna arrays on Si02 / Si substrates. Optical micrographs of these arrays are 

shown in figs . 4.2-4.6. 

Figure 4.2 shows an optical micrograph of a fabricated graphene patch antenna 

array. Raman spectroscopy shows that the 2D peak intensity is almost double that 

of the G peak, which is the signature of monolayer graphene. A negligible D peak 

also indicates that the graphene quality remains high after the photolithography 

process. 

Figure 4.3 shows an optical micrograph of a fabricated graphene dipole antenna 

array. The Raman spectrum of this sample also show that the 2D peak intensity 

is twice that of the G peak intensity, and a negligible D peak indicates that the 

graphene is monolayer and high quality aft er the photolithography process . 
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Figure 4.2: (Top) optical micrograph of graphene pat ch antenna array fabricated 
by photolithography and (bottom) Raman spectrum taken from the sample. 
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Figure 4.3: (Top) optical micrograph of graphene dipole antenna array fabricated 
by photolithography and (bottom) Raman spectrum taken from the sample. 
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Raman Shift (cm·1) 

Figure 4.4: (Top) optical micrograph of graphene slit antenna array fabricated by 
photolithography and (bottom) Raman spectrum taken from the sample. 

Figure 4.4 shows an opt ical micrograph of a fabricated plasmonic graphene slit 

antenna array. The Raman spectrum of this sample shows a D peak is present , 

indicating the graphene quality has deteriorated after the photolithography process. 

This could be due to the narrow width of the graphene region, which is comparable 

in size to the laser spot . For this reason, it is likely that the laser was incident on 

the edge of the graphene region, which is typically defective due to the plasma 

etching process . 

Figure 4.5 and fig. 4.6 show opt ical images of fabricated graphene bowtie and 

inverse bowtie antenna arrays . Raman spectra of these samples show that the 2D 

peak intensity is twice that of G peak intensity, and a negligible D peak indicates 

that the graphene films are monolayer and high quality. 

All the optical micrographs in figures 4.2-4.6 show a significant amount of 

residual photoresist remains. This is because the S1818 photoresist strongly 

adheres to graphene. Once cured, this photoresist is very difficult to remove, as we 

40 



Chapter 4. Graphene Plasmonic Antenna Arrays 
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Figure 4.5: (Top) opt ical micrograph of graphene bowtie antenna array fabricated 
by photolithography and (bottom) Raman spectrum taken from the sample. 

Raman Shift (cm·1) 

Figure 4.6: (Top) optical micrograph of graphene inverse bowtie antenna array 
fabricat ed by photolithography and (bottom) Raman spectrum taken from the 
sample. 

41 



Chapter 4. Graphene Plasmonic Antenna Arrays 

cannot subject it to any harsh treatment. Samples are usually treated with either 

ultrasonication, oxygen plasma etching, or ozone cleaning after lift-off to remove 

residual photoresist , but a few seconds of exposure to any of these processes is 

sufficient to destroy the graphene film. For this reason we had to rely only on 

solvent-based stripping of photoresist , which results in incomplete cleaning of the 

graphene film. 

4.3 Graphene plasmonic antenna array 

As described in the previous chapter , the patterned graphene antenna array was 

measured using THz-TDS to detect a resonance peak at l. 5 THz. We extract the 

complex conductivity and simultaneously fit the real and imaginary parts to the 

Drude-Smith model [51], as shown in equation 4.1. 

(X) ]8-(w) = O"dc 
[ 

l + Cn ( 4.1) 
1 - JWT ~ (1 - jWT r 

The two fitting parameters are the DC conductivity O"dc and the momentum 

relaxation time T , and the results of the fitting are plotted with the ext racted 

values in figures 4.7-4.9 

Figure 4.7 shows conductivity fitting of the graphene plasmonic dipole antenna 

array based on THz spectroscopy. Although the real par t of conductivity fits the 

Drude model quite well , the imaginary part has a slight mismat ch. This device 

did not show any resonant behavior near 1.5 THz. 

Similarly, fig. 4.8 shows conductivity fitting of the graphene plasmonic slit 

antenna array based on THz spectroscopy. In this device, the real and imaginary 

parts of the conductivity fit the Drude model very well , but the device failed to 

show any resonant behavior near 1.5 THz. 

For the graphene bowtie antenna array, neither the real nor the imaginary part 
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Figure 4.7: Complex conductivity extraction and fitting of graphene dipole antenna 
array to the Drude model using THz-TDS. 
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Figure 4.8: Complex conductivity extraction and fitting of graphene slit antenna 
array to the Drude model using THz-TDS. 
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Figure 4.9: Complex conductivity ext raction and fitting of graphene bowtie antenna 
array to the Drude-Smith model using THz-TDS. 

of conductivity fit well to the Drude-Smith model, as shown in fig . 4.9. This could 

be due to poor coverage of graphene, which means that the majority of THz light 

interacted with the bare substrate rather than graphene. This device also failed to 

show any resonance near 1.5 THz. 

4.4 Reasons for failure 

While investigating the reasons for graphene antenna array failure, we found there 

are four major problems: 

1. Scattering time mismatch: Figure 4.10 shows snapshots of COMSOL 

Multiphysics simulations of the electric field distribution in graphene on 

Si02 / Si subst rate for two different scattering times. For simulation purposes, 

the scattering time was assumed to be 500 ps, but after characterizing the 
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Figure 4.10: Electric field simulation of plasmon in graphene for different scattering 
times: ideal T (500ps) vs. real T (50fs) using COMSOL Multiphysics simulations 
(Reprinted with permission from [99]). 

transferred graphene film using THz-TDS, the actual scattering time was 

found to be closer to 50 fs . As a result , any excited plasmon would be quickly 

damped in graphene, and our fabricated devices failed to show any resonant 

behavior. 

2. Low qua lity fact o r: Individual graphene antenna suffer from low output 

power because of their small size [96]. This motivated us to develop large-

area antenna arrays . To create these large-area antenna arrays, CVD grown 

graphene is the best option, but Arezoomandan et al. [10] found that CVD 

grown graphene is not a good plasmonic material in the THz range due to 

its low scattering time, which makes the quality factor Q of the device « 1. 

The quality factor is defined as 

(4.2) 

where wp is the plasmon frequency, T is the scattering time and E is the 

extinction [10] . They also found that graphene in THz range is better as a 

reconfigurable tunable medium, rather than an active plasmonic material. 

3. Trapped water layer: Bollmann et al. [100] found that trapped water 
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Figure 4.11: Schematic illustration of water nanopocket formation underneath 
graphene. (a) water molecules on substrate surface, (b) exfolia ted graphene 
t ransferred onto the substrate, ( c) wat er molecules from atmosphere to accumu
lat e underneath the graphene due to capillary forces (reprinted with permission 
from [100]) . 

is a lways present underneath graphene, i.e. between the graphene and the 

substrate surface . Magnozzi et al. [101] calculated the thickness of the 

t rapped 'water nanopocket ' and found it can range from 3 to 5 nm. 

4. Residual photoresist: As discussed earlier , all of the antenna samples 

had considerable residual photoresist. Since charge scattering in graphene is 

extremely sensit ive to the condit ion of the interface, these photoresist islands 

can significantly increase the rate of charge scattering. They may also act as 

charge trapping sites, potent ially damping surface plasmons. 

Due to one or more of the above causes, our graphene plasmonic antenna arrays 

failed to resonate at 1.5 THz. 
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CHAPTER 5 

Graphene-Metal Hybrid Antenna Arrays 

As an alternative method to create a THz reflectarray from graphene, we adopted 

a graphene-metal hybrid approach. In our proposed configuration, the met al 

acts as the active element while graphene act s as the passive element [10, 102] 

in which t he Fermi level can be t uned by applying an external electric field [103]. 

This makes it possible to adjust graphene's electrical conductivity. This idea of 

a graphene-metal hybrid structure was inspired by ref. [104], where Yao et al. 

demonstrated a graphene-metal based plasmonic antennas in the mid-infrared 

range. Since graphene is in contact with the active metal elements , the variable 

conductivity should weaken the resonating confinement of electric field in the 

metal, i.e. to t urn the device 'off' , to varying degrees. 

Figure 5.1 shows a side view and fig. 5.2 shows a top view of the proposed 

graphene-metal hybrid antenna device structure. Yellow rectangular areas repre

sent metal, and the black region represents a cont inuous monolayer graphene film 

upon which the metal is deposited. Fabrication of the device is described below. 
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Graphene✓~ 

Si 

Figure 5.1: Schematic illustration of graphene-metal hybrid antenna array device 
structure ( side view). SiO2 is 285 nm thick and Si is p-doped, with resistivity of 
0.001 to 0.005 0 cm . 

Figure 5.2: Schematic illustration of graphene-metal hybrid antenna array device 
structure (top view) . Small rectangular elements (yellow color) are metal antenna 
array and black region is continuous monolayer graphene underneath the metal 
array. 
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5.1 Fabrication of graphene-metal hybrid an

tenna array 

5.1.1 Graphene growth and transfer 

A monolayer graphene fi lm was grown using LPCVD, as described in Chapter 2. 

The CVD-grown graphene was then transferred using our PMMA-copolymer 

method ( described in Chapter 3) onto a SiO2 / Si substrate. The SiO2 was 285 nm 

thick and the Si was p-doped, with a resistivity in the range of 0.001 to 0.005 ncm. 

The overall wafer thickness was 500 µm. 

5.1.2 Graphene-metal structure formation 

To create the graphene-met al antenna array, we used electron beam lithography 

(EBL) in place of photolithography. The reason to use EBL is that , unlike Sl818 

(the photolithography resist) , PMMA (the EBL resist) does not adhere strongly 

to graphene. This makes PMMA comparatively easy to remove during the lift-off 

process. Det ails of the EBL process are described in Appendix B. 

5.2 Fabricated graphene-metal hybrid antenna 

array 

The upper part of fig. 5.3 shows an optical micrograph of the fabricated graphene

metal hybrid antenna array. The antenna dimensions and spacing were determined 

using COMSOL Multiphysics simulations. The graphene parameters used in the 

simulations were determined from the complex conductivity, which we ext racted 

using THz-TDS and fitted using the Drude-Smith model. Simulation results are 

inset in the upper frame of fig. 5.3. 
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Figure 5.3: (Top) Optical micrograph of the fabricated graphene-metal antenna 
array. Inset shows numerical simulation of electric field distribution. (Bottom) 
Raman spectra comparison of transferred monolayer graphene before and after 
patterning (reprinted with permission from [102]). 

The lower part of fig . 5.3 shows a Raman spectra comparison of transferred 

monolayer graphene before and after patterning. Neither spectrum shows a D peak 

near 1350 cm- 1 , indicating the graphene is of high quality [42]. As expected , the 

intensity of the 2D peak is roughly double that of the G peak indicating monolayer 

graphene [46 , 47]. 
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Figure 5.4: Optical micrograph of only the fabrica ted metal antenna array on 
Si02 / Si substrate. Metal elements are 300 nm in height , Si02 is 285 nm thick and 
Si is p-doped . 

Figure 5.4 is an optical micrograph of the fabricated met al antenna array on 

an Si02 / Si substrate. This all-metal array was fabricated to compare with the 

graphene- meta l hybrid structure and determine the effect of graphene. In fig . 5.5 

we plot the response of t he graphene-metal hybrid antenna array shown in fig. 5.3, 

as well as a metal array with ident ical dimensions but no underlying graphene, as 

shown in fig . 5.4. Reflect ance is calculat ed rela tive to t he underlying subst rate 

reference, thus a value larger t han unity corresponds to enhanced reflection by t he 

a rray, which clearly occurs at 4.5 THz. The array was designed for a free-space 

wavelength of,,\= 1.5 THz , so the response corresponds to a resonance at 3..\/ 2. 

The decrease in reflectance when graphene is present , seen in fig . 5.5, can be 

understood in the following way. While graphene is indeed a good conductor , it 

has a small density of sta tes at t he Fermi level unless heavily doped. Figure 5.6 

is a snapshot of COMSOL Multiphysics simulations that compare the electric 

field distribut ions in the all-metal and graphene-metal antenna arrays . Having 

graphene on the surface under the array softens the electronic boundary condition 
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Figure 5.5: THz- TDS analysis of the fabricated graphene-metal and metal-only 
antenna array. Metal-only array has higher reflectance than graphene-met al 
antenna array due to electric field confinement in the metal. (Reprinted with 
permission from [102]). 

Metal 'only' Graphene-metal antenna 

I' 

Figure 5.6: Numerical simulation comparison of electric field distribut ion in metal
only and graphene-metal antenna elements. Electric field is very confined in the 
met al-only antenna, whereas in graphene-metal metasurface the field leaks into 
t he graphene region. 

at each metal element , making them slight ly 'leaky'. This is visible in fig. 5.6. The 

result is suppressed reflection by each element and lower overall reflected power. 
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CHAPTER 6 

Summary 

In summary, we developed a PMMA-copolymer graphene transfer technique that 

yields nearly 100% continuous graphene when transferred onto SiO2 / Si. This 

method is superior to conventional techniques by eliminating cracks, voids and 

wrinkles. This method also results in much cleaner graphene, with little or no 

residual PMMA remaining after transfer. We attribute this difference to a larger 

volume of solvent contained in the thicker copolymer layer which, when combined 

with the slightly slower evaporation rate of the copolymer solvent , is more effective 

at relaxing the underlying PMMA. This method is only effective if the copolymer 

is added soon after soft-baking the PMMA, i.e., before the PMMA has time to 

cure. We expect that the addition of copolymer to an already familiar wet transfer 

method will help mitigate defect formation during graphene transfer. 

In addition to this transfer technique, we described some challenges associated 

with graphene-based plasmonic devices . In particular , we show how substrate

induced scattering is a major hurdle facing THz applications of all-graphene 

devices. We then demonstrated a graphene-metal hybrid reflectarray for THz 

communication, where the metal acts as the active element and graphene as the 
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passive element to turn off the device. The difference in reflectance between the 

metal array and the graphene-metal hybrid structure is large enough to show 

t hat this type of devices could be implemented in real THz applications. Lastly, 

we provide a future direction of fabricating suspended graphene reflectarrays for 

a more realistic approach toward all-graphene plasmonic structures in the THz 

range . 

6.1 Future directions 

Transferring graphene onto dielectric substrates limits charge-carrier mobility in 

graphene due to 'charge puddling' [105] . Dielectric substrates, especially SiO2 , 

have significant charge trapping stat es [5] that prohibit free charge movement 

in graphene. To avoid this trapping, researchers have developed techniques to 

transfer graphene onto hexagonal boron nitride (h-BN). This significantly increases 

the charge carrier mobility because h-BN is atomically flat and free of dangling 

bonds [106, 107] . Although this technique works very well with exfoliated samples, 

large-area applications of graphene-h-BN structures are still problematic due to 

the difficulty in achieving CVD-grown continuous h-BN. 

Another possible approach to create all-graphene plasmonic THz devices could 

involve the use of an array of suspended graphene regions. High mobility (near 

ballistic transport) in suspended graphene has already been shown by different 

groups [6, 108]. This provides the mot ivation for the 'suspended graphene' structure 

discussed in this chapter , which could help realize graphene-based plasmonic device 

applications. 

Suspended graphene areas have higher charge carrier mobility or longer scat

tering time compared to the area supported by substrate. As a result , irradiating 

THz light onto suspended graphene will excite surface plasmon polaritons that 

are not quickly damped. However , due to the large mismatch in scattering t imes 
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Figure 6.1: Schematic illustration of suspended graphene array for THz plasmonic 
application. 

for the suspended and supported regions, plasmons propagating in the suspended 

region will encounter a boundary at the support and reflect . This should create a 

resonance cavity within the suspended area. P lasmons generated in the supported 

area will decay quickly due to the increased substrate-induced scattering. 

Figure 6.1 shows a schematic diagram of t he proposed device. The working 

principle of this device is similar to a patch antenna, in which an electric current 

in the metal couples with the plasmon in the suspended graphene area and creates 

a resonant cavity to generate plasmonic radiat ion in the THz range. Fabrication 

of the proposed device structure is challenging because of t he nature of the wet 

transfer technique. In our init ial attempts, 285 nm thick SiO2 and on p-doped Si 

(resistivity 0.001 to 0.005 fl cm, thickness 500 µm) was selected as a target substrate 

due to the working principle of t he patch antenna [109]. We t hen patterned t he 

substrate using photolithography, and t he ent ire SiO2 layer was etched from the 

exposed regions using dry etching. A metal layer 25 nm thick was then deposited 

in the bottom of t he cavity by e-beam evaporation. A low-magnification opt ical 
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Figure 6.2: Optical micrograph of the array of Si02 etched area. 

image of the et ched Si02 array is shown in fig. 6.2. The periodicity of the etched 

Si02 array is clearly uniform. 

Figure 6.3 shows a 2D height profile map of an atomic force microscope (AFM) 

measurement , and inset is the 3D AFM profile from the etched Si02 area. Below 

is the plotted AFM dat a along the red line shown in the 2D map. The sidewall 

of the etched area is nearly vertical, indicating that the dry etching t echnique 

had negligible under / over-cut. The height of the Si02 cavit ies are approximately 

65nm. 

At present, the fabrication process, which is described in detail in Appendix C, 

works well until the lift-off step. AFM data revealed that the etching height of 

Si02 cavit ies are only 65 nm, so we need to increase the etching time to completely 

etch the Si02 layer. After correcting the etching time, we also need to deposit a 

thin layer of metal (e.g., 2nm Ti/ 23nm Au) into the cavities. 

Transfer of the CVD-grown large-area graphene onto this type of etched 

substrate could be challenging. Most popular graphene wet transfer t echniques 

can have negative impact due to wat er involvement during the process and may 

56 



Chapter 6. Summary 

0 

I 
.E 
·a;Cl 

I 

-3x10-• 

4x 10-• 6x 10-• 0 

Distance (m) 

Figure 6.3: Atomic force microscopy measurement on SiO2 etched area. Inset 
shows a 3D plot of AFM measurement data from the same region. The lower plot 
shows height data measured along the red line in the upper image. SiO2 etched 
area shows a uniform depth of approximately 65 nm. 
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collapse the suspended graphene upon drying of the excess wat er due to high 

surface tension. However , dry transfer t echniques are not realistic because we 

have to sacrifice large-area continuity, and adhesive removal after the process is 

extremely difficult without solvent treatment or high t emperature annealing. It 

should be mentioned that both these polymer/ adhesive removal techniques may 

destroy the suspended graphene region entirely. 

In order to obtain large-area suspended graphene structure ( as proposed in 

this chapter) wet transfer combined with an acetone vapor etch of the supported 

polymer layer and soft baking at elevated temperature (150 to 200 °C) for at least 

30 min to dry off excess water seems to be the best approach. 
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APPENDIX A 

Fabrication of Graphene Plasmonic 

Antenna Arrays Using Photolithography 

The photolithography method to create graphene antenna arrays is described 

below: 

1. Cleaning: 

(a) Dip sample in acetone, IPA and DI water for 5 min each 

(b) Blow dry with N2 gun 

2. Spin coating of LOR 3B Photoresist: 

(a) 500 rpm for 5 s 

(b) 2500 rpm for 30 s 

(c) 500 rpm for 5 s 

(d) 1 min rest 

(e) Bake on 190 °C hotplate for 4 min 

(f) 1 min cool down 
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3. Spin coating of S1818 Photoresist: 

(a) 500 rpm for 5 s 

(b) 5500 rpm for 30 s 

(c) 500 rpm for 5 s 

(d) 1 min rest 

(e) Bake on 115 °C hotplate for 1 min 

(f) 1 min cool down 

4. Ex posure : 

(a) Current= 5A 

(b) Time= 34 s 

5. D evelopme nt: 

(a) MF319 Dip for 18 s 

(b) DI Water Dip for 90 s 

(c) Blow dry with N2 gun 

6. 0 2 Plasm a Cleaning : 

To remove the unwanted graphene: 

(a) ICP Power = 100W 

(b) RJE Power = 200 W 

(c) 02 Flowrate= 10 seem 

(d) Pressure = 50 mTorr 

(e) Temperature = 20 °C 

(f) Time = 80s 

7. Stripping o f phot o resist: 

(a) 1165 remover dip for overnight at 80 °C 

(b) IPA and DI Water Dip for 2 min each 

(c) Blow dry with N2 gun 
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APPENDIX 8 

Graphene-Metal Structure Formation 

The details of the EBL process to create graphene-metal structure are as described 

below: 

1. Cleaning : 

(a) Dip sample in acetone, IPA and DI water for 5 min each 

(b) Blow dry with N2 gun 

2. Spin coating o f bilayer PMMA: 

495 PMMA A4 

(a) 500 rpm for 5 s 

(b) 4000 rpm for 40 s 

(c) Bake on 185 °C hotplate for 2.5 min 

(d) 1 min cool down 

950 PMMA A5 

(a) 500 rpm for 5 s 

(b) 4000 rpm for 40 s 

(c) Bake on 185 °C hotplate for 2.5 min 
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(d) 1 min cool down 

3. Electron beam lithography parameters: 

Scanning Electron Microscopy (SEM) magnification = 

(a) Field of view (FOV) = 2mm 

(b) Aperture = 20 µm 

(c) Gun voltage (EHT) = 30 kV 

(d) Current= 311 pA 

(e) Dose = 600 µC cm- 2 

(f) Beam size = 30 nm 

(g) Scan style = Serpentine 

(h) Scan direction = t 90° 

4. Pattern development: 

(a) MIBK IPA 1:3 bath for 45 s 

(b) IPA bath for 20 s 

(c) Blow dry with N2 gun 

5. Metal deposition: 

75 to 100 X 

After developing desired pattern we used E-beam evaporator to deposit metal. 

Following paramet ers were used to deposit 300 nm metal: 

(a) Before deposition, chamber pressure was 3 x 10- 7 to 5 x 10- 7 Torr 

(b) 20 nm Ti was deposited as an adhesive layer at a rate of 0.5 As-1 

(c) 260 nm Ag was deposited as plasmonic material at a rate of 1 As-1 

(d) At the end, 20 nm Au was deposited as a capping layer to protect silver 

from oxidation. 0.5 As-1 deposition rate was used 

6. Lift-off process: 

(a) 85 °C Acetone bath for overnight 

(b) IPA & DI water bath for 3min each. Then blow dry with N2 gun 
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APPENDIX C 

Supporting Results of The Si02 Etch 

Process 

C.l Fabrication of the suspended graphene plas

monic device 

C.1.1 Pattern development on substrate oxide layer 

The details of photolithography process is as described below. AZ 5214E-IR 

photoresist was used as 'image reversal' (negative photoresist) process. 

1. C leaning: 

(a) Substrate was cleaned by acetone, IPA and DI water sonication for 5 

min each 

(b) Blow dry with N2 gun 

2. 0 2 p lasma cleaning o f substrate: The following recipe was used to make 

the substrate surface hydrophilic: 

(a) Pressure= 300mTorr 
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(b) RJE power = 65 W 

(c) Time= 120 s 

(d) 02 flow rate = 98 seem 

3. AZ 5214E-IR photoresist: 

(a) 500 rpm for 5 s 

(b) 4000 rpm for 30 s 

(c) Bake on 95 °C hotplate for 3 min 

(d) 30 s cool down 

(e) Exposure with mask for 6s (Current= 4.5A) 

(f) Review bake on 115 °C hotplate for 3 min 

(g) 30 s cool down 

(h) Flood exposure (without mask) for 40 s (Current = 4.5 A) 

4. Pattern development: 

(a) AZ 726 MIF developer puddle bath for 70 s 

(b) DI water bath for 30 s 

(c) Blow dry with N2 gun 

After development significant amount of photoresist was visible inside the 

patterned area (see fig . C.l top image). 

5. 0 2 plasma cleaning: The following recipe was used to remove the unwanted 

photoresist from the patterned area: 

(a) Pressure= 300mTorr 

(b) RJE power = 65 W 

(c) Time= 600s 

(d) 0 2 flow rate = 98 seem 

6. Complete pattern development: To ensure that no residual photoresist 

leftover in the patterned area again following development method was 

performed: 
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(a) AZ 726 MIF developer puddle bath for 15 s 

(b) DI water bath for 30 s 

(c) Blow dry with N2 gun 

This ensures that no photoresist left-over inside the patterned area (see 

fig. C.1 bottom image) . 

C.1.2 Etching of SiO2 layer and metal deposition 

Dry etching technique was used over wet etching, to get bet ter etch profile. 

Following methods were applied to etch SiO2 layer and metal deposition. 

1. D ry etching of Si0 2 : 

(a) Pressure = 150 mTorr 

(b) RIE power = 100 W 

(c) ICP power = 400 W 

(d) Time = 150 s 

(e) 0 2 flow rate = 15 seem 

(f) CF4 flow rate = 85 seem 

2. Metal deposit io n: 

Following parameters were used to deposit 25 nm metal: 

(a) Before deposition, chamber pressure was 4 x 10- 7 to 5 x 10- 7 Torr 

(b) 2 nm Ti was deposited as an adhesive layer at a rate of 0.5 As-1 

(c) 23 nm Au was deposited as plasmonic material at a rate of 1 As-1 

3. Lift-off process: 

(a) 85 °C Acetone bath for overnight 

(b) IPA & DI water bath for 3min each 

(c) Blow dry with N2 gun 
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Figure C. l: Top: optical micrograph of the SiO2 patterned area after 70 s devel
opment in AZ 726 MIF developer. A significant amount of photoresist is clearly 
visible inside the etched wells . Bottom: optical micrograph of the patterned area 
after low-power 0 2 plasma etching for 10 min and redevelopment in AZ 726 MIF 
developer for 15 s . No visible photoresist can be observed. 
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Figure C.1 top section shows optical micrograph of the patterned area onto 

SiO2 after 70 s development in AZ 726 MIF developer. A significant amount of 

photoresist is clearly visible inside the patterned area. To remove the unwanted 

photoresist, low-power 0 2 plasma etching was performed for 10 min and redevelop

ment in AZ 726 MIF developer for 15 s. Figure C.l bottom section shows no visible 

photoresist inside the patterned area, confirming the clean pattern development 

from the photolithography process. 

67 



Results of This Research 

1. 'Approaching completely continuous cent imeter scale graphene using copoly

mer assisted transfer ' 

Arka Karmakar , Farah Vandrevala, Florian Gollier , Mahima Ann Philip, 

Simran Shahi , Erik Einarsson, RSC Advances 8 (201 8), 1725-1729. 

2. 'Selective and confined growth of t ransit ion metal dichalcogenides on t rans

ferred graphene' 

Fei Lu, Arka Karmakar , Simran Shahi , Erik Einarsson, RSC Advances 1 

(2017) , 31310-31314. 

3. 'Experimental characterization of a hybrid graphene/metal plasmonic an

tenna array ' 

Arka Karmakar, Farah Vandrevala, Arjun Singh , Josep M Jornet , Erik 

Einarsson, 5th ACM/ IEEE International Conference on Nanoscale Com

puting and Communication, Article No. 31, Reykjavik, Iceland, September, 

201 8. 

4. 'Graphene charact erization using time-domain terahertz spectroscopy for 

plasmonic antenna design ' 

Farah Vandrevala, Arka Karmakar , Josep Miquel Jornet , Erik Einarsson, 

5th ACM/ IEEE International Conference on Nanoscale Computing and 

Communication, Article No. 35, Reykjavik, Iceland, September, 2018. 

68 



Results of This Research 

5. 'Determining optical properties of graphene using terahertz time-domain 

spectroscopy for plasmonic applications' 

Farah Vandrevala, Arka Karmakar , Josep Miquel Jornet, Erik Einars

son, Conference: Electrodynamics in Semiconductors, Optoelectronics and 

Nanostructures (EDISON), Buffalo, NY, 2017. 

6. 'Extracting complex optical properties of ultra-thin conductors using t ime

domain THz spectroscopy' 

Farah Vandrevala, Arka Karmakar , Josep Miquel Jornet , Erik Einarsson, 

Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), 41st Inter

national Conference, Electronic ISSN: 2162-2035, Copenhagen, Denmark, 

September, 2016. 

69 



List of Figures 

1.1 3D Graphite to 2D graphene: different forms of carbon allotropes 

( reprinted from [3]). . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

1.2 Original drawing by Bernal to demonstrate the atomic structure of 

graphene layers (reprinted wit h permission from [13]). . . . . . . . 4 

1.3 Major techniques of graphene synthesis: top-down approaches in

clude mechanical exfoliation and reduction of graphene oxides . 

Bottom-up approaches are mainly thermal decomposition of sil

icon carbide and growth by chemical vapor deposition (reprinted 

with permission from [26]). . . . . . . . . . . . . . . . . . . . . . . 6 

1.4 Optical microscopy contrast comparison of graphene: (a) graphene 

film on Cu foil , and (b) graphene film on dielectric (SiO2 ) substrate. 

In (a) , Cu grain boundaries are visible as dark lines. In (b) , multi

layer nucleation regions (dark spots) and holes/voids (lighter areas) 

in the transferred graphene film are visible. . . . . . . . . . . . . . 9 

1.5 SEM image of CVD-grown graphene transferred onto a SiO2 / Si 

substrate. Wrinkles, cracks and voids are labeled. The large dark 

area near the center is a multilayer region. . . . . . . . . . . . . . . 10 

70 



List of Figures 

1.6 (a) Electronic Brillouin zones of graphene (shown as black hexagons) 

and schematic of Dirac cones. (b) Upper and lower Raman spect ra 

are respectively from pristine and defective graphene (reprinted 

with permission from [43]). . . . . . . . . . . . . . . . . . . . . . . 11 

1.7 Raman scattering processes in graphene: origin of D , G and 2D 

peaks, and combinations thereof (reprinted with permission from [43]). 12 

1.8 Schematic illust ration of a THz-TDS syst em . THz-pulse in the 

time domain (bottom right) is converted into the frequency domain 

by fast Fourier transform (bottom left). (Reprinted from ref. [53]) 13 

2.1 Schematic of an LPCVD syst em. Gas flow rates are controlled 

by mass flow controllers (MFC). Reactions happen in the high

temperature reactor , and exhaust gases are evacuated using a vac

uum pump connected to the outlet. The pressure inside the reactor 

is adjusted using a pressure control valve (reprinted from [68]). . . 16 

2.2 Schematic diagram of graphene growth process . Heating rate is 

15 °C min- 1 , Cu foil annealing time is 60 min and growth time 

is 30 min. CH4 flow rat e was gradually increased to obtain full

coverage of graphene film on Cu foil. . . . . . . . . . . . . . . . . . 17 

2.3 Picture of low-pressure chemical vapor deposition (LPCVD) system 

used for graphene growth in our lab. . . . . . . . . . . . . . . . . . 17 

2.4 Optical images of CVD-grown continuous graphene films on Cu 

foil. Copper grain boundaries ( dark lines) and rolling st rains on Cu 

(wavy formations) are visible. . . . . . . . . . . . . . . . . . . . . . 18 

71 



List of Figures 

2.5 Raman spectra of a CVD-grown graphene film (a) on Cu foil and 

(b) after subtracting the Cu photoluminescence background. The 

2D peak intensity is approximately double the G peak intensity, 

and the absence of a D peaks proves this graphene is monolayer 

and nearly defect-free . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

2.6 Effect of improper H2 to CH4 flow rate ratio : ( a)-(b) optical images 

and (c)-(d) SEM images of CVD-grown dendrit ic graphene. . . . . 21 

2.7 Effect of insufficient growth time: SEM images of CVD-grown 

discontinuous hexagonal graphene islands. . . . 22 

3.1 Schematic diagram of graphene wet transfer. Ml , M2 and M3 

denote method 1 [monolayer (11) PMMA], method 2 [bilayer (21) 

PMMA] , and method 3 (PMMA +copolymer) described in the text 

(reprinted with permission from [80]) . 26 

3.2 (a ), (b) , (c) Optical micrographs of graphene film transferred us-

ing 11 PMMA, 21 PMMA, and PMMA+copolymer (Method 3a) 

respectively. ( d) , ( e) , (f) Results of image analysis of optical micro

graphs in (a) , (b) , and (c) . White (black) areas indicate graphene 

(holes). (g) , (h) , (i) Representative Raman spectra corresponding 

to graphene shown in (a), (b) , and ( c) . Scale bars are 25 µm for all 

images (reprinted with permission from [80]) . . . . . . . . . . . . . 28 

3.3 Schematic illustration of the areas used for image analysis. Total 

area is approximately 1 cm x 1 cm (reprinted with permission from [80]) . 28 

3.4 Optical micrographs and corresponding threshold-adjusted images 

of the same areas for graphene t ransferred using Method 3a . The 

scale bar in the last image is 50 µm , and applies to all images 

(reprinted with permission from [80]) . . . . . . . . . . . . . . . . . 30 

72 



List of Figures 

3.5 (a) , (b) Optical micrographs of graphene film transferred using 

Method 3b. Holes and cracks are clearly visible (reprinted with 

permission from [80]). . . . . . . . . . . . . . . . . . . . . . . . . . 32 

3.6 Scanning electron micrographs of graphene film transferred using 

(a) 11 PMMA, (b) 21 PMMA, and (c) PMMA+copolymer (Method 

3a). Scale bars are 2 µm for all images ( reprinted with permission 

from [80]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 

3.7 Raman map of 2D/ G intensity ratio of graphene transferred us-

ing Method 3a (PMMA+copolymer in Fig. 3.1) (reprinted with 

permission from [80]) . . ........ . 34 

3.8 Boxplot of the area coverage (left axis) and values of scattering 

time ( right axis) for graphene transferred using different methods 

(reprinted with permission from [80]) . . . . . . . . . . . . . . . . . 35 

4.1 Schematic illustration of graphene plasmonic antenna array (reprinted 

with permission from [96]) . . . . . . . . . . . . . . . . . . . . . . . 38 

4.2 (Top) optical micrograph of graphene patch antenna array fabricated 

by photolithography and (bottom) Raman spectrum taken from the 

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

4.3 (Top) optical micrograph of graphene dipole antenna array fabri

cated by photolithography and (bottom) Raman spectrum taken 

from the sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

4.4 (Top) optical micrograph of graphene slit antenna array fabricated 

by photolithography and (bottom) Raman spectrum taken from the 

sample. 40 

4.5 (Top) optical micrograph of graphene bowtie antenna array fabri

cat ed by photolithography and (bottom) Raman spectrum taken 

from the sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

73 



List of Figures 

4.6 (Top) optical micrograph of graphene inverse bowtie antenna array 

fabricated by photolithography and (bottom) Raman spectrum 

taken from the sample . . . . . . . . . 41 

4.7 Complex conductivity extraction and fitting of graphene dipole 

antenna array to the Drude model using THz-TDS. 43 

4.8 Complex conductivity extraction and fitting of graphene slit antenna 

array to the Drude model using THz-TDS. . . . . . . . . . . . . . 43 

4.9 Complex conductivity extraction and fitting of graphene bowtie 

antenna array to the Drude-Smith model using THz-TDS. 44 

4.10 Electric field simulation of plasmon in graphene for different scat

tering times: ideal T (500 ps) vs. real T (50 fs) using COMSOL 

Multiphysics simulations (Reprinted with permission from [99]) . . . 45 

4.11 Schematic illustration of water nanopocket formation underneath 

graphene. ( a) water molecules on substrate surface, (b) exfoliated 

graphene transferred onto the substrate, (c) water molecules from 

atmosphere to accumulate underneath the graphene due to capillary 

forces (reprinted with permission from [100]) . . . . . . . . . . . . . 46 

5.1 Schematic illustration of graphene-metal hybrid antenna array de

vice structure ( side view) . Si0 2 is 285 nm thick and Si is p-doped , 

with resistivity of 0.001 to 0.005 n cm. . . . . . . . . . . . . . . . . 48 

5.2 Schematic illustration of graphene-metal hybrid antenna array de-

vice structure ( top view) . Small rectangular elements (yellow color) 

are metal antenna array and black region is continuous monolayer 

graphene underneath the metal array. . . . . . . . . . . . . . . . . 48 

74 



List of Figures 

5.3 (Top) Optical micrograph of the fabricated graphene-metal antenna 

array. Inset shows numerical simulation of electric field distribu

tion. (Bottom) Raman spectra comparison of transferred monolayer 

graphene before and after patterning (reprinted with permission 

from [102]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 

5.4 Optical micrograph of only the fabricated metal antenna array on 

SiO2 / Si substrate. Met al elements are 300 nm in height , SiO2 is 

285 nm thick and Si is p-doped. . . . . . . . . . . . . . . . . . . . . 51 

5.5 THz-TDS analysis of the fabricat ed graphene-metal and met al

only antenna array. Metal-only array has higher reflectance than 

graphene-metal antenna array due to electric field confinement in 

the metal. (Reprinted with permission from [102]). . . . . . . . . . 52 

5.6 Numerical simulation comparison of electric field distribution in 

met al-only and graphene-metal antenna elements. Electric field is 

very confined in the metal-only antenna , whereas in graphene-metal 

metasurface the field leaks into the graphene region. . . . . . . . . 52 

6.1 Schematic illust ration of suspended graphene array for THz plas-

monic application. . . . . . . . . . . . . . . . . . . . 55 

6.2 Opt ical micrograph of t he array of SiO2 etched area. 56 

6.3 At omic force microscopy measurement on SiO2 etched area. Inset 

shows a 3D plot of AFM measurement data from the same region. 

The lower plot shows height dat a measured along the red line 

in the upper image. SiO2 etched area shows a uniform depth of 

approximately 65 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . 57 

75 



List of Figures 

C.1 Top: optical micrograph of the SiO2 patterned area aft er 70 s de

velopment in AZ 726 MIF developer. A significant amount of 

photoresist is clearly visible inside the etched wells. Bottom: opt ical 

micrograph of the patterned area after low-power 0 2 plasma etching 

for 10 min and redevelopment in AZ 726 MIF developer for 15 s . No 

visible photoresist can be observed . . . . . . . . . . . . . . . . . . . 66 

76 



List of Tables 

3.1 Coverage statistics for each graphene transfer method. . . . . . . . 29 

77 



Bibliography 

[1] D. R. Cooper, B. D'Anjou, N. Ghattamaneni , B. Harack, M. Hilke, A. Horth, 
N. Majlis , M. Massicotte, L. Vandsburger , E. Whiteway, and V. Yu. Ex
perimental review of graphene. ISRN Condensed Matter Physics, 2012:56 , 
2012. 

[2] F. Rouquerol, J . Rouquerol, and K. Sing. Chapter 9 - adsorption by active 
carbons. In Adsorption by Powders and Porous Solids, pages 237-285. 
Academic Press, 1999. 

[3] Fujitsu Laboratories Ltd. Major progress towards practical use of next
generation low-voltage, low-power transistors , 2009. 

[4] Changgu Lee, Xiaoding Wei, Jeffrey W. Kysar , and James Hone. Measure
ment of the elastic properties and intrinsic strength of monolayer graphene. 
Science, 321(5887):385, Jul 2008. 

[5] Masa Ishigami, J . H. Chen , W. G. Cullen, M. S. Fuhrer , and E. D. Williams. 
Atomic structure of graphene on SiO2. Nano Letters, 7(6):1643-1648 , Jun 
2007. 

[6] K. I. Bolotin, K. J . Sikes, Z. Jiang, M. Klima, G. Fudenberg, J . Hone, P. Kim, 
and H. L. Stormer. Ultrahigh electron mobility in suspended graphene. Solid 
State Communications, 146(9):351-355, 2008. 

[7] R. R. Nair , P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, 
T . Stauber, N. M. R. Peres, and A. K. Geim. Fine structure constant defines 
visual transparency of graphene. Science, 320(5881):1308, Jun 2008. 

[8] Alexander A. Balandin, Suchismita Ghosh , Wenzhong Bao, Irene Calizo , 
Desalegne Teweldebrhan, Feng Miao, and Chun Ning Lau. Superior thermal 
conductivity of single-layer graphene. Nano Letters , 8(3) :902-907, Mar 2008. 

[9] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. 
Geim. The electronic properties of graphene. Rev. Mod. Phys., 81:109-162, 
J an 2009. 

78 



Bibliography 

[10] Sara Arezoomandan , Hugo 0. Condori Quispe, Nicholas Ramey, Cesar A. 
Nieves, and Berardi Sensale-- Rodriguez. Graphene-based reconfigurable 
terahertz plasmonics and metamaterials . Carbon, 112:177-184, 2017. 

[11] B. C. Brodie. XIII. on the atomic weight of graphite. Philosophical Transac
tions of the Royal Society of London, 149:249-259 , 1859. 

[12] A. K. Geim. Graphene prehistory. Physica Scripta, 2012(T146) :14003, 2012 . 

[13] John Desmond Bernal and William Lawrence Bragg. The structure of 
graphite. Proceedings of the Royal Society of London A: Mathematical, 
Physical and Engineering Sciences, 106(740) :749-773 , 1924. 

[14] P. R. Wallace. The band theory of graphite. Phys. Rev., 71:622-634, May 
1947. 

[15] H. P. Boehm, R . Setton, and E. Stumpp. Nomenclature and terminology of 
graphite intercalation compounds. Carbon, 24(2) :241-245, 1986. 

[16] K. S. Novoselov, A. K. Geim, S. V. Morozov , D. Jiang, Y. Zhang, S. V. 
Dubonos, I. V. Grigorieva, and A. A. Firsov. Electric field effect in atomically 
thin carbon films . Science, 306(5696) :666-669, 2004. 

[17] Jannik C. Meyer , A. K. Geim, M. I. Kat snelson, K. S. Novoselov , T. J. 
Booth, and S. Roth. The structure of suspended graphene sheets . Nature, 
446:60, Mar 2007. 

[18] Peter Blake, Paul D. Brimicombe, Rahul R . Nair , Tim J . Booth, Da Jiang, 
Fred Schedin, Leonid A. Ponomarenko, Sergey V. Morozov, Helen F . Gleeson, 
Ernie W. Hill , Andre K. Geim, and Kostya S. Novoselov. Graphene--based 
liquid crystal device. Nano Letters, 8(6) :1704-1708, Jun 2008. 

[19] X. Li , W . Cai, J . An, S. Kim, J . Nah , D. Yang, R. Piner , A. Velamakanni , 
I. Jung, E. Tutuc, S. K. Banerjee, L. Colombo , and R. S. Ruoff. Large-area 
synthesis of high-quality and uniform graphene films on copper foils. Science, 
324(5932) :1312, Jun 2009. 

[20] Alexander Tzalenchuk, Samuel Lara-Avila, Alexei Kalaboukhov, Sara Paolillo, 
Mikael Syviijiirvi , Rositza Yakimova, Olga Kazakova, T. J. B. M. Janssen , 
Vladimir Fal 'ko , and Sergey Kubatkin. Towards a quantum resistance 
st andard based on epitaxial graphene. Nature Nanotechnology, 5:186 , J an 
2010 . 

[21] Sukang Bae, Hyeongkeun Kim, Youngbin Lee, Xiangfan Xu, J ae-Sung 
Park, Yi Zheng, Jayakumar Balakrishnan , Tian Lei, Hye R. Kim, Young Il 
Song, Young-Jin Kim, Kwang S Kim, Barbaros Ozyilmaz, Jong-Hyun Ahn, 
Byung Hee Hong, and Sumio Iijima . Roll-to-roll production of 30-inch 
graphene films for transparent electrodes. Nature Nanotechnology, 5(8) :574-
578 , 2010 . 

79 



Bibliography 

[22] Felice Torrisi, Tawfique Hasan, Weiping Wu, Zhipei Sun, Antonio Lombardo, 
Tero S. Kulmala, Gen-Wen Hsieh , Sungjune Jung, Francesco Bonaccorso, 
Philip J. Paul , Daping Chu, and Andrea C. Ferrari. Inkjet-printed graphene 
electronics. ACS Nano , 6(4):2992-3006 , Apr 2012. 

[23] Na Li , Zongping Chen, Wencai Ren, Feng Li , and Hui-Ming Cheng. Flexible 
graphene-based lithium ion batteries with ultrafast charge and discharge 
rates. Proceedings of the National Academy of Sciences, 109(43):17360, Oct 
2012. 

[24] Xiang Xu, Hui Li, Qiangqiang Zhang, Han Hu, Zongbin Zhao, Jihao Li, 
Jingye Li , Yu Qiao, and Yury Gogotsi. Self-sensing, ultralight , and conductive 
3D graphene/iron oxide aerogel elastomer deformable in a magnetic field. 
ACS Nano , 9(4):3969-3977, Apr 2015. 

[25] https://phys .org/ news/2016-11-world-graphene-enhanced-aircraft.html, 
2016. 

[26] Xiao-Ye Wang, Akimitsu Narita, and Klaus Mi.illen. Precision synthesis 
versus bulk-scale fabrication of graphenes. Nature Reviews Chemistry, 2:100, 
Dec 2017. Perspective. 

[27] D. V. Badami. X-ray studies of graphite formed by decomposing silicon 
carbide. Carbon, 3(1):53-57, 1965. 

[28] Konstantin V. Emtsev, Aaron Bostwick, Karsten Horn, Johannes Jobst , 
Gary L. Kellogg, Lothar Ley, Jessica L. McChesney, Taisuke Ohta, Sergey A. 
Reshanov, Jonas Ri:ihrl , Eli Rotenberg, Andreas K. Schmid , Daniel Wald
mann, Reiko B. Weber , and Thomas Seyller. Towards wafer-size graphene 
layers by a tmospheric pressure graphitization of silicon carbide. Nature 
Materials, 8:203, Feb 2009. 

[29] Walt A . de Heer , Claire Berger , Ming Ruan , Mike Sprinkle, Xuebin Li , 
Yike Hu, Baiqian Zhang, John Hankinson, and Edward Conrad. Large 
area and structured epitaxial graphene produced by confinement controlled 
sublimation of silicon carbide. Proceedings of the National Academy of 
S ciences, 108(41):16900-16905, 2011. 

[30] C Virojanadara, R Yakimova, A A Zakharov, and L I Johansson. Large 
homogeneous mono-/ bi-layer graphene on 6h-sic(0001) and buffer layer 
elimination. Journal of Physics D: Applied Physics, 43(37):374010 , 2010. 

[31] Glenn G. Jernigan, Brenda L. VanMil , Joseph L. Tedesco, Joseph G. Tischler , 
Evan R. Glaser , Anthony Davidson, Paul M. Campbell , and D. Kurt Gaskill . 
Comparison of epitaxial graphene on si-face and C-face 4H SiC formed by 
ultrahigh vacuum and RF furnace production. Nano Letters, 9(7):2605-2609, 
2009. PMID: 19583281. 

[32] J. Hass , R. Feng, T. Li, X. Li , Z. Zong, W. A. de Heer , P. N. First , E. H. 
Conrad , C . A . Jeffrey, and C. Berger. Highly ordered graphene for two 
dimensional electronics . Applied Physics Letters, 89(14) :143106, 2006. 

80 

https://phys.org/news/2016-11-world-graphene-enhanced-aircraft.html


Bibliography 

[33] H. Hibino, H. Kageshima, F. Maeda, M. Nagase, Y. Kobayashi , and H. Ya
maguchi. Microscopic thickness determination of thin graphite films formed 
on sic from quantized oscillation in reflectivity of low-energy electrons. Phys. 
Rev. B , 77:075413, Feb 2008. 

[34] Dimitrios G. Papageorgiou, Ian A. Kinloch, and Robert J. Young. 
Graphene/elastomer nanocomposites . Carbon, 95:460-484, 2015 . 

[35] Von H P Boehm, A Clauss, G O Fischer , and U Hofmann. Di.innste 
kohlenstoff-folien. Z. Naturforschg, l 7b:150-153 , 1962. 

[36] A Geim. Letters to the editor: Many pioneers in graphene discovery. APS 
NEWS, 19(1) , January 2010. 

[37] D. Li , M. B. Muller, S. Gilje, R. B. Kaner, and G. G. Wallace. Processable 
aqueous dispersions of graphene nanosheets. Nature Nanotechnology, 3:101 , 
Jan 2008. Article. 

[38] D. Yang, A. Velamakanni , G. Bozoklu, S. Park, M. Stoller , R. D. Piner , 
S. Stankovich, I. Jung, D. A. Field, C. A. Ventrice, and R. S. Ruoff. Chemical 
analysis of graphene oxide films after heat and chemical treatments by x-ray 
photoelectron and micro-raman spectroscopy. Carbon, 47(1) :145-152, 2009. 

[39] H. A. Becerril, J. Mao, Z. Liu, R. M. Stoltenberg, Z. Bao, and Y. Chen. 
Evaluation of solution-processed reduced graphene oxide films as transparent 
conductors. ACS Nano, 2(3):463-470 , Mar 2008. 

[40] X. Wang, L. Zhi , and K. Mullen. Transparent , conductive graphene electrodes 
for dye-sensitized solar cells. Nano Letters, 8(1) :323-327, Jan 2008. 

[41] Stephanie Reich and Christian Thomsen. Raman spectroscopy of graphite. 
Philosophical Transactions of the Royal Society of London. Series A : Mathe
matical, Physical and Engineering Sciences, 362(1824):2271, Nov 2004. 

[42] A C Ferrari , J C Meyer, V Scardaci, C Casiraghi, M Lazzeri, F Mauri, 
S Piscanec, D Jiang, K S Novoselov, S Roth, and A K Geim. Raman 
Spectrum of Graphene and Graphene Layers. Physical R eview Letters, 
187401(November):l-4, 2006 . 

[43] Andrea C. Ferrari and Denis M. Basko. Raman spectroscopy as a versatile 
tool for studying the properties of graphene. Nature Nanotechnology, 8:235, 
Apr 2013. Review Article. 

[44] A. C. Ferrari and J. Robertson. Interpretation oframan spectra of disordered 
and amorphous carbon. Physical Review B , 61(20):14095-14107, May 2000. 

[45] F. Tuinstra and J. L. Koenig. Raman spectrum of graphite. The Journal of 
Chemical Physics, 53(3) : 1126-1130, Aug 1970. 

[46] Andrea C. Ferrari. Raman spectroscopy of graphene and graphite: Disorder , 
electron-phonon coupling, doping and nonadiabatic effects. Solid State 
Communications, 143(1):47-57, 2007. 

81 



Bibliography 

[47] L M Malard, MA Pimenta, G Dresselhaus , and MS Dresselhaus. Raman 
spectroscopy in graphene . Physics Reports, 473(5-6) :51-87, 2009 . 

[48] Yixuan Zhou, Yiwen E, Lipeng Zhu, Mei Qi, Xinlong Xu, Jintao Bai, Zhaoyu 
Ren, and Li Wang. Terahertz wave reflection impedance matching properties 
of graphene layers at oblique incidence. Carbon, 96:1129-1137, 2016 . 

[49] Jonas D. Buron, Dirch H. Petersen , Peter B0ggild, David G. Cooke, Michael 
Hilke, Jie Sun, Eric Whiteway, Peter F . Nielsen, Ole Hansen, August Yurgens, 
and Pet er U. J epsen. Graphene conductance uniformity mapping. Nano 
Letters, 12(10) :5074-5081, 2012 . PMID: 22947167. 

[50] F Vandrevala, A Karmakar , J M Jornet, and E Einarsson. Extracting 
complex optical properties of ultra-thin conductors using time-domain THz 
spectroscopy. In 41st International Conference on Infrared, Millimeter, and 
Terahertz waves (IRMMW-THz), pages 1-2, sep 2016 . 

[51] N V Smith. Classical generalization of the Drude formula for the optical 
conductivity. Phys. R ev. B , 64(15) :155106, sep 2001. 

[52] Patrick R. Whelan, Krzysztof Iwaszczuk, Ruizhi Wang, Stephan Hofmann , 
Peter B0ggild, and Peter Uhd Jepsen . Robust mapping of electrical properties 
of graphene from terahertz time-domain spectroscopy with timing jitter 
correction. Opt. Express, 25(3):2725-2732, Feb 2017. 

[53] https://www.recendt .at/en/ THz.html. 

[54] K. S. Kim, Y. Zhao, H. J ang, S. Y. Lee, J.M. Kim, K. S. Kim, J-H. Ahn, 
P. Kim, J-Y. Choi, and B. H. Hong. Large-scale pattern growth of graphene 
films for stretchable transparent electrodes. Nature, 457:706 , Jan 2009. 

[55] Yu S. Dedkov , M. Fonin, and C. Laubschat. A possible source of spin
polarized electrons: The inert graphene/Ni(lll) system. Applied Physics 
Letters, 92(5):052506, Feb 2008 . 

[56] Yu S. Dedkov, M. Fonin, U. Rudiger , and C. Laubschat. Rashba effect in 
the graphene/Ni(lll) system. Physical Review Letters , 100(10) :107602, Mar 
2008 . 

[57] J . Coraux, A. T . N'Diaye, M. Engler, C. Busse, D. Wall, N. Buckanie, F . M. 
Heringdorf, R. V. Gastel, B. Poelsema, and T . Michely. Growth of graphene 
on Ir(lll) . New Journal of Physics, 11(2) :023006, 2009 . 

[58] A.T . N'Diaye, J . Coraux, T . N. Plasa, C. Busse, and T . Michely. Structure of 
epitaxial graphene on Ir(lll) . New Journal of Physics, 10(4) :043033, 2008 . 

[59] T. A. Land , T. Michely, R. J. Behm, J. C. Hemminger , and G. Comsa. 
Stm investigation of single layer graphite structures produced on Pt(lll) by 
hydrocarbon decomposition. Surface Science, 264(3) :261-270 , 1992. 

82 

https://www.recendt.at/en/THz.html


Bibliography 

[60] H. Ueta, M. Saida, C. Nakai, Y. Yamada, M. Sasaki , and S. Yamamoto. 
Highly oriented monolayer graphite formation on Pt(lll) by a supersonic 
methane beam . Surface Science, 560(1) : 183-190, 2004. 

[61] G. A. Lopez and E. J . Mittemeijer. The solubility of C in solid Cu. Scripta 
Materialia, 51(1) : 1-5, 2004. 

[62] P. Zhao, A. Kumamoto, S. Kim, X. Chen , B. Hou, S. Chiashi , E. Einarsson, 
Y. Ikuhara, and S. Maruyama. Self-limiting chemical vapor deposition growth 
of monolayer graphene from ethanol. The Journal of Physical Chemistry C, 
117(20) :10755-10763, May 2013 . 

[63] A. Fan , A. Rahman , and R. Reif. Copper wafer bonding. Electrochemical 
and Solid-State Letters, 2(10) :534-536 , 1999. 

[64] S. M. Kim, A. Hsu , Y-H. Lee, M. Dresselhaus, T. Palacios, K. K. Kim, 
and J. Kong. The effect of copper pre-cleaning on graphene synthesis. 
Nanotechnology, 24(36) :365602, 2013 . 

[65] Y. Hao , MS Bharathi , L. Wang, Y. Liu, H. Chen , S. Nie, X. Wang, H. Chou, 
C. Tan , B. Fallahazad , H. Ramanarayan , C. W. Magnuson, E. Tutuc, B. I 
Yakobson, K. F . McCarty, Y-W. Zhang, P. Kim, J . Hone, L. Colombo, and 
R. S. Ruoff. The role of surface oxygen in the growth of large single-crystal 
graphene on copper. Science, 342(6159) :720-723, 2013 . 

[66] J. M. Wofford, S. Nie, K. F. McCarty, N. C. Bartelt , and 0. D. Dubon. 
Graphene islands on cu foils: The interplay between shape, orientation, and 
defects. Nano Letters, 10(12) :4890-4896 , Dec 2010 . 

[67] Y. N. Trehan. The reduction of copper oxides by molecular hydrogen. 
Zeitschrift fur anorganische und allgemeine Chemie, 318(1-2) :107-112 , 
2018/ 05/ 04 September 1962. 

[68] C. Miao, C. Zheng, 0. Liang, and Y. Xie. Chemical Vapor Deposition of 
Graphene. Physics and applications of graphene - experiments. IntechOpen, 
Apr 2011. 

[69] I. Vlassiouk, M. Regmi, P. Fulvio, S. Dai, P. Datskos, G. Eres, and S. Smirnov. 
Role of hydrogen in chemical vapor deposition growth of large single-crystal 
graphene. ACS Nano , 5(7) :6069-6076 , Jul 2011 . 

[70] Sara D. Cost a, Ariete Righi, Cristiano Fantini , Yufeng Hao, Carl Magnu
son, Luigi Colombo, Rodney S. Ruoff, and Marcos A. Pimenta . Resonant 
raman spectroscopy of graphene grown on copper substrates. Solid State 
Communications, 152(15) : 1317-1320, 2012 . 

[71] Alan Gelb and Mark Cardillo. Classical trajectory studies of hydrogen 
dissociation on a Cu(lO0) surface. Surface Science, 59(1) :128-140, 1976. 

83 



Bibliography 

[72] Alan Gelb and Mark J . Cardillo . Classical trajectory study of the dissociation 
of hydrogen on copper single crystals: II. Cu(lO0) and Cu(ll0). Surfa ce 
Science, 64(1) :197-208, 1977. 

[73] G. Jo , M. Choe, S. Lee, W . Park , Y. H. Kahng, and T . Lee . The application 
of graphene as electrodes in electrical and optical devices. Nanotechnology, 
23(11) :112001 1-19, 2012 . 

[74] S. Bae, H. Kim, Y. Lee, X. Xu, J-S . Park, Y. Zheng, J . Balakrishnan, T . Lei, 
H. R. Kim, Y. I. Song, Y-J . Kim, K. S. Kim, B. Ozyilmaz, J-H. Ahn, B. H. 
Hong, and S. Iijima . Roll-to-roll production of 30-inch graphene films for 
transparent electrodes . Nature Nanotechnology, 5(8) :574-578 , 2010 . 

[75] J. Kang, S. Hwang, J. H. Kim, M. H. Kim, J. Ryu , S. J. Seo, B. H. Hong, 
M. K. Kim, and J. B. Choi. Efficient transfer of large-area graphene films 
onto rigid substrates by hot pressing. ACS Nano , 6(6) :5360-5365 , 2012 . 

[76] X S Li , Y W Zhu, W W Cai, M Borysiak , B Y Han , D Chen , R D Piner , 
L Colombo, and RS Ruoff. Transfer of Large-Area Graphene Films for High
Performance Transparent Conductive Electrodes. Nano Letters , 9(12) :4359-
4363 , 2009 . 

[77] Gabriela Borin Barin, Yi Song, Iara de Fatima Gimenez, Antonio Gomes 
Souza Filho, Ledjane Silva Barreto , and Jing Kong. Optimized graphene 
transfer : Influence of polymethylmethacrylate (PMMA) layer concentration 
and baking time on grapheme final performance. Carbon, 84(C) :82-90, 2015 . 

[78] Xuelei Liang, Brent A. Sperling, Irene Calizo , Guangjun Cheng, 
Christina Ann Hacker , Qin Zhang, Yaw Obeng, Kai Yan , Hailin Peng, 
Qiliang Li, Xiaoxiao Zhu, Hui Yuan, Angela R. Hight Walker , Zhongfan Liu, 
Lian-mao Peng, and Curt A. Richter. Toward clean and crackless transfer of 
graphene. ACS Nano , 5(11) :9144-9153 , 2011. PMID : 21999646 . 

[79] Shuxian Cai, Xingfang Liu, Jianan Huang, and Zhonghua Liu. Feasibility 
of polyethylene film as both supporting material for transfer and target 
subst rate for flexible strain sensor of CVD graphene grown on Cu foil. RSC 
Adv., 7:48333-48340, 2017. 

[80] Arka Karmakar , Farah Vandrevala , Florian Gollier , Mahima Ann Philip , 
Simran Shahi , and Erik Einarsson. Approaching completely continuous 
centimeter-scale graphene by copolymer-assist ed transfer. RSC Advances, 
8(4):1725-1729, 2018. 

[81] Mingguang Chen , Guanghui Li , Wangxiang Li , and Dejan Stekovic. Large
scale cellulose-assisted transfer of graphene toward industrial applications. 
Carbon, 110:286-291 , 2016. 

[82] M.D. Abramoff, P.J. Magalhaes, and S.J. Ram. Image processing with 
ImageJ . Biophotonics International, 11(11):36-42, July 2004. 

84 



Bibliography 

[83] Ya-Ping Hsieh. Promoter-assisted chemical vapor deposition of graphene. 
Carbon, 67:417-423, 2013. 

[84] Yung-Chang Lin, Chun-Chieh Lu, Chao-Huei Yeh , Chuanhong Jin, Kazu 
Suenaga, and Po-Wen Chiu. Graphene annealing: How clean can it be? 
Nano Letters, 12(1):414-419, 2012. 

[85] Susmit Singha Roy, Robert M. Jacobberger , Chenghao Wan, and Michael S. 
Arnold. Controlling the density of pinhole defects in monolayer graphene 
synthesized via chemical vapor deposition on copper. Carbon, 100:1-6, 2016. 

[86] Bin Zhang, Wi Hyoung Lee, Richard Piner , Iskandar Kholmanov, Yaping Wu, 
Huifeng Li , Hengxing Ji , and Rodney S Ruoff. Low-temperature chemical 
vapor deposition growth of graphene from toluene on electropolished copper 
foils. ACS Nano , 6(3):2471-2476 , 2012. 

[87] Soo Min Kim, Allen Hsu, Yi-Hsien Lee, Mildred Dresselhaus, Tomas Palacios, 
Ki Kang Kim, and Jing Kong. The effect of copper pre-cleaning on graphene 
synthesis . Nanotechnology, 24(36) :365602, 2013. 

[88] MicroChem Corp. Material Safety Data Sheet , 2012. 

[89] N. G. Semaltianos. Spin-coated PMMA films. Microelectronics Journal, 
38(6-7):754-761 , 2007. 

[90] S. Cherry. Edholm's law of bandwidth. IEEE Spectrum, 41(7):58-60, 2004. 

[91] A. Moldovan , S. Kisseleff, I. F. Akyildiz , and W. H. Gerstacker. Data rate 
maximization for t erahertz communication systems using finite alphabets . 
In 2016 IEEE International Conference on Communications (ICC) , pages 
1-7, May 2016. 

[92] Josep Miquel Jornet , Ngwe Thawdar, Ethan Woo, and Michael A. Andrello. 
Temporal dynamics of frequency-tunable graphene-based plasmonic grating 
structures for ultra-broadband terahertz communication. volume 10206, 
pages 10206 - 10206 - 11 , 2017. 

[93] Robert Bogue. Sensing with terahertz radiation: a review of recent progress. 
Sensor Review, 38(2):216-222, Jan 2018. 

[94] Wendao Xu, Lijuan Xie, and Yibin Ying. Mechanisms and applications of 
terahertz metamaterial sensing: a review. Nanoscale, 9(37) :13864-13878 , 
2017. 

[95] L. Zakrajsek , E. Einarsson, N. Thawdar , M. Medley, and J. M. Jornet. 
Lithographically defined plasmonic graphene antennas for t erahertz-band 
communication. IEEE Antennas and Wireless Propagation Letters, 15:1553-
1556, 2016. 

85 



Bibliography 

[96] L. Zakrajsek , E. Einarsson, N. Thawdar , M. Medley, and J. M. Jornet. 
Design of graphene-based plasmonic nano-antenna arrays in the presence 
of mutual coupling. In 2017 11th European Conference on Antennas and 
Propagation (EUCAP) , pages 1381-1385, 2017. 

[97] Anagnostis Tsiatmas Zheludev, Vassili A. Fedotov , F . Javier Garcia de Abajo, 
and Nikolay I. Low-loss terahertz superconducting plasmonics. New Journal 
of Physics, 14(11):115006, 2012 . 

[98] William L. Barnes. Surface plasmon-polariton length scales: a route to sub
wavelength optics. Journal of Optics A: Pure and Applied Optics, 8(4):S87, 
2006 . 

[99] Farah Vandrevala, Arka Karmakar , Josep Miquel Jornet , and Erik Einarsson. 
Graphene characterization using time-domain terahertz spectroscopy for 
plasmonic antenna design. In Proceedings of the 5th A CM International 
Conference on Nanoscale Computing and Communication, NANOCOM '18, 
pages 35:1-35:2, New York, NY, USA, 2018 . ACM. 

[100] M Temmen, 0 Ochedowski, M Schleberger, M Reichling, and TR J Bollmann. 
Hydration layers trapped between graphene and a hydrophilic substrate. 
New Journal of Physics, 16(5) :053039 , 2014. 

[101] Michele Magnozzi , Niloofar Haghighian, Vaidotas Miseikis, Ornella Cavalleri , 
Camilla Coletti , Francesco Bisio, and Maurizio Canepa. Fast det ection of 
water nanopocket s underneath wet-transferred graphene. Carbon, 118:208-
214, 2017. 

[102] Arka Karmakar , Farah Vandrevala, Arjun Singh , Josep M. Jornet , and 
Erik Einarsson. Experimental characterization of a hybrid graphene/metal 
plasmonic antenna array. In Proceedings of the 5th A CM International 
Conference on Nanoscale Computing and Communication, NANOCOM '18, 
pages 37:1-37:2, New York, NY, USA, 2018. ACM. 

[103] Young-Jun Yu, Yue Zhao , Sunmin Ryu, Louis E. Brus, Kwang S. Kim, and 
Philip Kim. Tuning the graphene work function by electric field effect . Nano 
Letters, 9(10) :3430-3434, Oct 2009 . 

[104] Yu Yao, Mikhail A. Kats, Patrice Genevet , Nanfang Yu, Yi Song, Jing Kong, 
and Federico Capasso. Broad electrical tuning of graphene-loaded plasmonic 
antennas. Nano Letters, 13(3):1257-1264, Mar 2013. 

[105] Vincent E. Dorgan, Myung-Ho Bae, and Eric Pop. Mobility and saturation 
velocity in graphene on SiO2. Applied Physics Letters , 97(8):082112 , Aug 
2010 . 

[106] C. R. Dean, A. F . Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watan
abe, T. Taniguchi, P. Kim, K. L. Shepard , and J. Hone. Boron nitride 
substrates for high-quality graphene electronics. Nature Nanotechnology, 
5:722 , Aug 2010 . 

86 



Bibliography 

[107] Jiamin Xue, Javier Sanchez-Yamagishi , Danny Bulmash , Philippe Jacquod , 
Aparna Deshpande, K. Watanabe, T . Taniguchi , Pablo Jarillo-Herrero , and 
Brian J . LeRoy. Scanning tunnelling microscopy and spectroscopy of ultra
flat graphene on hexagonal boron nitride. Nature Materials, 10:282, Feb 
2011. 

[108] Xu Du, Ivan Skachko, Anthony Barker , and Eva Y. Andrei. Approaching 
ballistic transport in suspended graphene. Nature Nanotechnology, 3:491-495 , 
Jul 2008. 

[109] D Orban and GJK Moernaut . The basics of patch antennas, updated. RF 
Globalnet (www.rfglobalnet .com) newsletter, 2009 . 

87 

www.rfglobalnet.com

	Structure Bookmarks
	Terahertz Hybrid Graphene-Metal Reflectarrays 
	Arka Karmakar 
	Acknowledgement 
	Abstract 
	CHAPTER 1 
	Introduction 
	1.1 Properties of graphene 
	Charcoal Pencil lead (Graphite) 
	Graphene 
	1.2 History of Graphene Research 
	1.2.1 Post Discovery 
	1.3 Graphene Growth: Popular Techniques 
	1.3.1 Mechanical Exfoliation 
	1.3.2 Thermal Decomposition of Bulk SiC 
	1.3.3 Reduction of Graphene Oxide 
	1.4 Graphene Characterization Techniques 
	1.4.1 Optical Microscopy 
	1.4.2 Scanning Electron Microscopy (SEM) 
	1.4.3 Raman Spectroscopy 
	1.4.4 Terahertz Time-Domain Spectroscopy 
	-----, 
	I 
	J 
	CHAPTER 2 
	Chemical Vapor Deposition 
	2.1 Cu Foil Cleaning 
	2.2 Graphene Growth 
	2.3 Influence of growth parameters 
	Time (min.) 
	Raman Shift (cm-) 
	Raman Shift (cm-) 
	2.3.1 Balancing hydrogen and methane supply 
	H
	2.3.2 Influence of growth time 
	CHAPTER 3 
	Graphene Transfer Methods 
	3.1 Dry Transfer Technique 
	3.2 This Work: Wet Transfer Technique 
	3.3 Graphene Transfer 
	graphene graphene graphene
	'i" 
	PMMA PMMA 
	graphene graphene graphene 
	Cu foil Si02/Si Si02/Si 
	3.4 Results and discussion 
	3.4.1 Transfer method comparison 
	Single-layer PMMA transfer (Ml) 
	QJ 0 0 
	Bilayer PMMA transfer (M2) 
	Copolymer assisted transfer (M3) 
	3.4.2 Analysis of copolymer-assisted transfer 
	" 
	2L PMMA 1 L PMMA Copoly+PMMA 
	4.1 Fabrication of graphene plasmonic antenna arrays using photolithography 
	4.2 All-graphene plasmonic antenna arrays 
	4.3 Graphene plasmonic antenna array 
	8_
	______I 
	.s 
	f-~ ~ 
	4.4 Reasons for failure 
	5.1.1 Graphene growth and transfer 
	5.1.2 Graphene-metal structure formation 
	1 
	--
	i i i i i i i i 


