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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 b e 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 t hat adding a copolymer layer
atop a PMMA layer before transfer improves graphene continuity by virtually
elimina ting 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

Vlll
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property for THz communication, we have demonstrated a hybrid graphene-metal
reflectarray structure. In this reflect array, the active elements are metal a nd
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 sp 2 -bonded hexagonal
structure, as shown in fig. 1. 1. The bond length b etween all carbon atoms in
t his graphene sheet is 0.142nm [l ]. Ma ny layers of graphene st acked on top of
one another in a 3D structure is wha t forms graphite. The spacing b etween 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 mat erials ever discovered. The breaking strength [4]
of a defect-free graphene sheet is 42 N m-

1

.

Susp ended graphene also has the

highest electron mobility (200 000 cm 2 v- 1 s- 1 ) at room t emperature [5, 6] among
all mat erials ever reported. Monolayer graphene film is 97.7% transparent in the
visible range [7], and also has extremely high in-plane thermal conductivity [8] .
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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 sust ain THz-frequency plasmons at room
t emperature [9]. This makes graphene particularly well suited for applications in
wireless communications. Advan ces in this area a re desirable b ecause the more
bandwidth becomes available, the more dat a we want to transfer and the more
devices we wish t o connect; and we want to do all of this wirelessly. This insatiable
hunger has b een driving wireless t echnology, resulting in a doubling of wireless
dat a rat es approximat ely every 18 months. This trend-known as Edholm's law
of bandwidth-predict s Terabit-per-second (Tbps) dat a rates within the next few
years.
Graphene has the potential to continue this trend into the t erahertz range.
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However , purely graphene-based plasmonic applications in the THz range are
extremely challenging due to the na ture 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 Benj amin Brodie exposed graphite to strong acids
and obtained 'carbonic acid ' [11]. He t hought t hat he had discovered a new form
of carbon, called 'graphon ' [12] , but scientists lat er realized that he had discovered
t iny flakes of suspended graphene oxide cryst als.
John Desmond Bernal first det ermined the cryst allographic structure of graphite
in 1924 [13]. Lat er , the st acking of two graphite planes was named after him
('Bernal Stacking', as shown in fig . 1.2) . P.R. Wallace first predict ed t he electrical
properties of monolayer 'graphite' in 1947 [14]. Since then , many attempts were
made to isola t e 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 exfoliat ed graphene from
bulk graphite and studied its extraordinary electronic properties . This opened
up a whole new area of modern physics. The main difference b etween their
seminal 2004 paper and previous graphene studies is that earlier works fo cused
only on the experimental observation of monolayer graphene fla kes. Geim a nd
Novoselov not only su ccessfully exfolia ted a single layer , but they also studied
its distinguishing electronic properties [12]. For this achievement and subsequent
remarkable discoveries, Geim a nd Novoselov were awarded the Nobel Prize in
Physics in 2010 .
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A

Figure 1.2: Original drawing by Bernal to demonstrate the atomic structure of
graphene layers (reprinted wit h permission from [13]) .
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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 Bla ke et al. demonstrated graphene-based liquid cryst al devices, an ideal

for displays and ot her 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 resist ance st andard 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 ultrafas t charge and discha rge rates [23], suita ble for energy storage
applications
2013 With a budget of €1 billion, the 'Graphene Flagship ' was launched with

t he goal of commercializing graphene-based devices wit hin 10 years
2015 Demonstration of graphene-based magnetic field sensors by Xu and co

workers [24]
2016 'Prospero ', t he world's first graphene-enhanced model aircraft , was success

fully t ested at t he Farnborough International Air Show [25]
2016 Development of graphene-based mobile phone - The Mobile World Congress

(MWC) dedicat ed an ent ire pavilion to graphene for the mobile world.
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Figure 1.3: Major t echniques of graphene synthesis: t op-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 wit h permission from [26]) .

1.3

Graphene Growth: Popular Techniques

Figure 1.3 shows an illust ration of the most popular t echniques 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 t echniques offer better
scalability for large-area growth . Below we briefly introduce each of these synt hesis
methods.
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1.3.1

Mechanical Exfoliation

Novoselov et al. [16] first mechanically exfoliat ed single layer graphene from
graphite. This t echnique to obtain monolayer graphene is commonly known as
the 'Scotch-t ape Method'. In this method, tiny graphite pieces are exfoliat ed onto
a subst rat e using adhesive t ap e. The exfolia t ed pieces a re once again picked up
by the t ape, re-exfoliat ed , and again deposited . This process is repeat ed until it
produces monolayer flakes . The Scotch-t ap e method yields graphene with very
good cryst allinity and high electrical mobility (approximat ely 10 000 cm 2 v- 1 s- 1
at room t emperature [16]), but the tedious manual approach and difficulty covering
large areas make t his method very difficult t o scale, t hus unsuitable for industrial
applications.

1.3.2

Thermal Decomposition of Bulk SiC

In 1965, D. V. Badami first reported t he thermal decomposition of silicon carbide
(SiC ) t o produce graphite [27]. After t he discovery of monolayer graphene, several
groups reported different methods t o improve t he quality and cont inuity of large
a rea graphene films. Emtsev et al. [28] developed a method to grow wafer-scale
graphene layers from high t emperature graphitization of SiC . In this method ,
commercially available SiC wafers are annealed at very high t emperature (more
tha n 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 t echnique provides graphene with varying thickness and small grain
size [32 , 33].
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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 a nnealing [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 (SiO 2 ) 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 estimat e of the layer number and quality, continuity, holes ,

8
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Figure 1.4: Optical microscopy contrast comparison of graphene: (a) graphene
film on Cu foil , and (b ) graphene film on dielectric (Si0 2 ) substrate. In (a) , Cu
grain boundaries are visible as dark lines . In (b), multilayer nucleation regions
(da rk spots) and holes/voids (lighter areas) in t he transferred graphene film are
visible.

cracks, density of mult ilayer nucleation regions and contamination on t he 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 rat e. 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 t o characterize many
aspects of graphene, su ch as electronic properties, defect level, number of layers
a nd 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
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Figure 1.5: SEM image of CVD-grown graphene transferred onto a SiO 2 / Si
substrate. Wrinkles , cracks and voids are lab eled. The la rge da rk area near the
center is a mult ilayer region.

as the

r

point. Figure 1.6(b) shows the Ra man sp ect ra of high-quality, pristine

graphene (top) and poor-quality, defective graphene (bottom). For excitation
in the visible region, the Ra man sp ectrum of a morphous carbon has t wo 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 sp 2 structure, t he
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 t he t heory of p eaks origin in graphene.
Figure 1. 7 shows the Raman scattering pro cess 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 sp 2 atoms in hexagonal rings [44, 45]. The G peak occurs due to an
in-plane optical vibration, which is the result of stret ching of the sp 2 -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 t he 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 t he presence of
defect s.
The sha pe of the 2D peak contains information about the layer number and
st acking order of the graphene layers . The st a ndard method to det ermine the
number of layers in graphene is to calculat e 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 indicat es graphene is
monolayer , whereas I (2D) / I (G)

~

1 means bilayer and I (2D) / I (G) < 1 indicat es

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) syst em , which we used to charact erize 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

Chapter 1. Introduction

ii

"

c-

I!

.J

.h

[)

j

.,, "l

+ rr

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

of the graphene films [48, 49]. We do this by illuminating five random areas
on each graphene sample with THz light (1 mm spot size) , a nd 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 t hat of a
bare SiO 2 / Si reference substrate t o det ermine t he 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 t he scattering time and t he DC conductivity [52].
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Figure 1.8: Schematic illustration of a THz-TDS system. THz-pulse in the time
doma in (bottom right) is converted into the frequency doma in by fast Fourier
transform (bottom left) . (Reprinted from ref. [53])
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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 met als, 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

Chapter 2. Chemical Vapor Deposit ion

met al impurities from the Cu surface [64]. The next st ep 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 plat e 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 heat ed from room
t emperature to 1000 °C at a rate of 15 °C min-

1

while continuously supplying a

mixture of 5% hydrogen (H 2 ) in 95% nitrogen (N 2 ) at a flow rate of 500 sccm into
the reaction chamber. After reaching the growth t emperature, we continued the
gas flow for 60 min to anneal the Cu foil. Annealing causes the polycrystalline Cu
surface to recryst allize in the (100) orientation [66] , and the H 2 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 (CH 4 ) 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 (H 2 )
in 95% nitrogen (N 2 ) 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 H 2 to CH 4 was 250 in order to maximize the growt h rate [69].
This was reduced in st eps as growth progressed to achieve full graphene coverage.
After growth, we opened the chamber to expedite cooling while maintaining the
same H 2 mixture flow rate to protect the graphene film from oxidization .
Figure 2.3 shows a photograph of the LPCVD syst em 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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Figure 2.1: Schematic of an LPCVD syst em . Gas flow rates are controlled by mass
flow controllers (MFC). Reactions happen in the high-t emperature reactor , and
exha ust gases are evacuated using a vacuum pump connected t o the outlet . The
pressure inside the reactor is adjust ed using a pressure control valve (reprinted
from [68]) .
fig. 2.1. The only difference between our CVD set up and t he schematic illustration
is that we used two mass flow cont rollers (MFC) , one for cont rolling t he flow rate
of carbon precursor gas (CH 4 ) and the ot her for t he H 2 /N 2 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 t he graphene film.
Rolling st rain (wavy forma tions) induced during the foil production pro cess are
also visible.
Figure 2. 5(a) shows a Raman sp ectrum of graphene film on Cu foil , a nd
fig. 2.5(b) shows t he same sp ectrum aft er subtracting t he Cu phot oluminescence
background [70]. The a bsence 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 t he G peak, indicating monolayer graphene [46, 4 7].

2.3

Influence of growth parameters

For CVD growth of graphene, t he gas flow rate, part ial pressure and growth t ime
are the most important paramet ers. Imbalance of t hese can result in dendrit ic or
16
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500 SCCM 5% H2 mixture

60
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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. CH 4 flow
rate was gradually increased t o 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 .
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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.
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Figure 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
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 H 2 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 CH 4 leading to the
formation of st able hexagonal carbon rings, i.e. graphene. The equations describing
t his process are [69]

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

(CH3) 8 + graphene +-+ (graphene + C) + H2

H8 + graphene +-+ (graphene - C) + (CH x)s

(2 .4)
(2 .5)

(2 .6)

Vlassiouk et al. [69] also found that in order to achieve a perfect hexagonal
graphene cryst al, the partial pressure ratio of PH 2 / Pc H4 needs to b e b etween
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 H 2:CH4 flow rates.
Excess hydrogen present during growth made t he etching rate of graphene higher
than the growth rat e, resulting in irregular graphene regions [69].

2.3.2

Influence of growth time

After forming hexagonal graphene domains, the la t eral 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 H 2 to CH 4 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 t his st age, etching by H 2 dominat es
over growth .

In order to increase the la t eral growth rat e, i. e. to allow graphene islands
to complet ely merge together into continuous films , there are two options: (1 )
increase the partial pressure of carbon precursor, or (2) increase t he growth time.
The first opt ion results in more graphene nucleation sites, which also increases t he
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 paramet ers were optimized in order to achieve continuous
monolayer graphene films.
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Graphene Transfer Methods

Continuous graphene is a necessity for many electrical and optical applications [73].
These a pplications, however, are built upon substrates that are not suitable for
graphene growth. As a result, graphene must b e 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
methacrylat e) (PMMA). Numerous studies have demonstrated differing degrees
of su ccess 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 t o mechanically relax the first P MMA layer , t hereby
reducing t he occurrence of cracks. More recently, Barin and coworkers [77] showed
t hat the concentration of t he second P MMA layer is important in det ermining
t he transferred graphene quality. However , addit ion of t his second layer did
little t o 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]. Alt hough t his t hermal treatment improved t he contact
between graphene and t he substrat e, the problem of significant holes still remained.
Alternative p olymers, su ch as p olyethylene [79], have recently b een used as a
support ing layer , but wrinkles and D peak are visible in t he 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 rep orted 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 prepa ration 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]).

26

Chapter 3. Graphene Transfer Methods

3.4
3.4.1

Results and discussion
Transfer method comparison

We characterized t he t ransferred graphene films using optical microscopy, Raman
sp ectroscopy (R enishaw inVia Reflex, 488 nm excitation), scanning electron mi
croscopy (SEM, Carl Zeiss AURIGA) , and time-domain t erahertz sp ectroscopy
(THz- TDS , Advantest TAS7500TS) . To qua ntify the graphene continuity, we
processed t he optical micrographs as follows. First, we manually filled all visible
holes with a color very dissimilar to the rest of the image. This st ep was not
a utomated because image processing software can not reliably discern holes from
other features such as residual PMMA or bilayer graphene regions. We t hen used
t he ImageJ software package [82] t o calculate t he coverage of graphene regions and
holes in each image from t he percentage of pixels above or b elow a suitable color
t hreshold. Processing figs. 3.2(a), (b) and (c) in t his way yielded t he images shown
in figs. 3.2(d), (e) and (f) respectively. Black areas represent holes in t he graphene,
whereas white areas represent continuous graphene. We p erformed 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 sp ecific to each
transfer method b elow.

Single-layer PMMA transfer (Ml)
Although we ba ked the PMMA/graphene after t ransfer t o improve interfacial
contact b etween the graphene and the subst rat e [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 t his 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]) .
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Figure 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]) .
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Table 3.1: Coverage statistics for each graphene transfer method .
Sample
PMMA+copolymer
11 PMMA
21 PMMA

Max. (%)

Min.(%)

Mean(%)

Std. Dev.

99.94
99.98
99.97

99 .77
96 .23
94.21

99 .84
98 .25
98 .37

0.06
1.34
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 b etween graphene
a nd 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 copolymerassisted 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 t able
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-adjust ed 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 a ttribute the small holes in fig. 3.2(c) to pinhole defect s, 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 approximat ely 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 t hickness of the spin-coa ted film , t hus it is
likely that PMMA coverage and/ or adhesion between the graphene and PMMA
is inconsist ent. 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 det ermine 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 b e 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 b ecause 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 a nd 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 3.7: Ra man 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

34

Chapter 3. Graphene Transfer Methods

I

100

-

~
0
.......,

I

>

-

~
36 .......,

98

Q)

E

-

+-'

ro
,_
0

-

~

Q)
0)
Q)

38

I

~

I

96

~

u
~~

- 34

C

·;::
Q)
+-'
+-'

ro
(.)

-

Cl)

-

94
2L PMMA

0)

1L PMMA

32

Copoly+PMMA
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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.
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4

Graphene Plasmonic Antenna Arrays

Wit h more bandwidt h 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 mont hs. This trend-known as Edholm's law
of bandwidth- predict s 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 t he 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 t o overcome t his problem , and there have been
considerable advances in recent years. In addit ion to increased det ector sensit ivity
a nd emitter power , directional antenna arrays are necessary t o concentrat e a nd
steer the reflect ed or transmitted signals [93, 94]. Consequent ly, t here is a critical
need for compact antenna arrays capable of transmitting and receiving information
in t he THz band. Cont rol of t he array response is essent ial to achieve t his 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 t emperature [9]. Zakraj sek 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 met allic an
t ennas at THz frequencies. By patterning graphene into arrays of isolat ed elements,
the induced SPP wave can resonat e at a desired frequency, which is det ermined by
the graphene antenna dimensions. In the proposed design , a continuous graphene
film could b e pa tterned 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 det ermined using COMSOL Mult iphysics
simulations, as described in ref. [96], we fabricated different antenna arrays from
transferred graphene. The design was such tha t the reflect array would resonat e
a t 1.5 THz, which does not overlap with any wa t er absorption peaks in the THz
spectrum . We describe the fabrication st eps 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 det ail 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 cm 2 ) can b e pa tterned 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 typ es of plasmonic graphene
a ntenna arrays on Si0 2 / Si substrates. Optical micrographs of these arrays are
shown in figs . 4.2-4.6.
Figure 4.2 shows an optical micrograph of a fabricat ed graphene pat ch antenna
array. Raman spectroscopy shows that the 2D peak intensity is almost double t hat
of the G peak, which is the signature of monolayer graphene. A negligible D peak
also indicates that t he graphene quality remains high after t he phot olit hography
process.
Figure 4.3 shows an optical micrograph of a fabricat ed graphene dipole antenna
array. The Raman spectrum of this sample also show that the 2D peak intensity
is twice tha t of the G peak intensity, and a negligible D peak indicat es 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 fabricat ed
by phot olit hography and (bottom) Raman spectrum taken from the sample.
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Figure 4.4: (Top) optical micrograph of graphene slit antenna array fabricat ed by
photolithography and (bottom) Raman spectrum t aken from the sample.

Figure 4.4 shows an opt ical micrograph of a fabricated plasmonic graphene slit
a ntenna array. The Raman sp ectrum of this sample shows a D peak is present ,
indicating the graphene quality has det eriorated 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 tha t the laser was incident on
the edge of the graphene region, which is t ypically defective due to the plasma
et ching process .
Figure 4.5 and fig. 4.6 show opt ical images of fabricat ed graphene bowtie and
inverse bowtie antenna arrays . Raman spectra of these samples show that the 2D
peak intensity is twice t hat 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 significa nt amount of

residual photoresist remains. This is b ecause the S1818 photoresist strongly
adheres to graphene. Once cured , t his photoresist is very difficult t o remove, as we
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Figure 4.5: (Top) opt ical micrograph of graphene bowtie antenna array fabricat ed
by phot olit hography and (bottom) Raman spectrum taken from the sample.
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Figure 4.6: (Top) optical micrograph of graphene inverse bowtie antenna a rray
fabricat ed by photolithography a nd (bottom) Raman spectrum t aken from the
sample.
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cannot subject it to any harsh treatment. Samples are usually treat ed with either
ultrasonication , oxygen plasma et ching, 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 incomplet e cleaning of the
graphene film.

4.3

Graphene plasmonic antenna array

As described in the previous chapter , t he patterned graphene antenna array was
measured using THz-TDS to detect a resonance peak at l. 5 THz. We extract t he
complex conductivity and simultaneously fit the real and imaginary parts to the
Drude-Smith model [51], as shown in equation 4.1.

8-(w) =

l

O"dc

1 - JWT

+

[

~ (1 (X)

Cn

jWT

The two fitting paramet ers are the DC conductivity
relaxation time

T ,

r

]

O"d c

(4.1)

and the momentum

and the results of the fitting are plotted with the ext ract ed

values in figures 4.7-4.9
Figure 4.7 shows conductivity fitting of t he graphene plasmonic dipole antenna
array based on THz spectroscopy. Alt hough the real par t of conductivity fits t he
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 b ehavior 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 4.9: Complex conductivity ext raction and fitting of graphene bowtie antenna
array t o the Drude-Smith model using THz-TDS.

of conductivity fit well to t he 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
Si0 2 / Si subst rate for two different scattering times. For simulation purposes,
the scattering time was assumed to b e 500 ps, but after charact erizing 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 a nd 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: Schema tic illustration of wat er nanopocket forma tion underneath
graphene. (a) water molecules on substrate surface, (b) exfolia t ed graphene
t ransferred onto the substrate, (c) wat er molecules from atmosphere to accumulat e underneath the graphene due to capillary forces (reprinted with permission
from [100]) .

is always present underneath graphene, i. e. b etween the graphene and the
substrate surface . Magnozzi et al. [101] calculat ed the thickness of the
t rapped 'wat er nanopocket ' and found it can range from 3 to 5 nm.
4. Residual photoresist : As discussed earlier , all of the a ntenna samples

had considerable residual photoresist. Since charge scattering in graphene is
extremely sensit ive to the condit ion of the interface, t hese 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 resonat e at 1.5 THz.
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5

Graphene-Metal Hybrid Antenna Arrays

As an alternative method t o create a THz reflect array from graphene, we adopted
a graphene-met al 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 b e t uned by applying an external electric field [103].
This makes it possible to adjust graphene's electrical conductivity. This idea of
a graphene-met al hybrid structure was inspired by ref. [104], where Yao et al.
demonstrat ed a graphene-met al based plasmonic a ntennas in the mid-infra red
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. t o t urn t he device 'off' , t o varying degrees.
Figure 5.1 shows a side view and fig. 5.2 shows a t op view of the proposed
graphene-met al hybrid antenna device structure. Yellow rectangular areas represent metal, and t he black region represents a cont inuous monolayer graphene film
upon which t he metal is deposited. Fabrication of t he device is described below.
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Metal Reflect-arrays

✓~

Graphene

Si

Figure 5.1: Schematic illustration of graphene-metal hybrid antenna array device
structure (side view). SiO 2 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
a rray and black region is continuous monolayer graphene underneath the metal
array.

48

Chapter 5. Graphene-Metal Hybrid Antenna Arrays

5.1

Fabrication of graphene-metal hybrid antenna array

5.1.1

Graphene growth and transfer

A monolayer graphene film 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 SiO 2 / Si substrate. The SiO 2 was 285 nm
thick and the Si was p-doped , with a resistivity in the range of 0.001 to 0.005 n cm.
The overall wafer t hickness was 500 µm.

5.1.2

Graphene-metal structure formation

To creat e the graphene-met al antenna array, we used electron beam lithography
(EBL) in place of photolithography. The reason to use EBL is that , unlike Sl81 8
(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 t he 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 t he fabricated graphenemet al hybrid antenna array. The antenna dimensions and spacing were det ermined
using COMSOL Multiphysics simulations. The graphene paramet ers used in the
simula tions were det ermined from t he 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 fabri cated graphene-metal antenna
a rray. Inset shows numerical simulation of electric field distribution. (Bottom)
Raman spectra compa rison of transferred monolayer graphene before a nd after
patterning (reprinted with permission from [102]).

The lower part of fig . 5.3 shows a Rama n sp ectra 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 expect ed , the
intensity of t he 2D peak is roughly double that of the G peak indicating monolayer
graphene [46 , 47].

50

Chapter 5. Graphene-Metal Hybrid Antenna Arrays

Figure 5.4: Optical micrograph of only the fabrica t ed m etal antenna array on
Si0 2 / Si substrate. Met al elements are 300 nm in height , Si0 2 is 285 nm t hick and
Si is p-doped .

Figure 5.4 is an optical micrograph of the fabricat ed met al antenna array on
a n Si0 2 / Si substrate. This all-met al array was fabricat ed to compare with the
graphene- meta l hybrid structure and det ermine 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 wit h 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 t o 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 reflect an ce when graphene is present , seen in fig . 5.5, can b e
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-met al 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-met a l and metal-only
a ntenna array. Metal-only array has higher reflect an ce t han graphene-met al
a ntenna a rray due to electric field confinement in the metal. (Reprinted with
p ermission from [102]).
Metal 'only'

Graphene-metal antenna

I'

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

at each metal element , making t hem slight ly 'leaky'. This is visible in fig. 5.6. The
result is suppressed reflection by each element and lower overall reflect ed power.
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Summary

In summary, we developed a PMMA-copolymer graphene transfer technique that
yields nearly 100% continuous graphene when transferred onto SiO 2 / Si. This
method is superior to conventional techniques by eliminating cracks, voids a nd
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., b efore 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 pa rticula r , we show how substrateinduced 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 b etween the
met al 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 fabri cating 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, esp ecially SiO 2 ,
have significant charge trapping st at es [5] tha t prohibit free charge movement
in graphene. To avoid this trapping, researchers have developed t echniques to
transfer graphene ont o hexagonal boron nitride (h-BN). This significantly increases
the charge carrier mobility because h-BN is atomically flat and free of da ngling
bonds [106, 107] . Although this t echnique works very well with exfoliat ed samples,
large-area applications of graphene-h-BN structures are still problematic due to
the difficulty in achieving CVD-grown continuous h-BN.
Anot her 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 b een shown by different
groups [6, 108]. This provides t he mot ivation for t he 'suspended graphene' structure
discussed in t his chapter , which could help realize graphene-based plasmonic device
applications.
Suspended graphene areas have higher charge carrier mobility or longer scatt ering 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 t he suspended and supported regions, plasmons propagating in t he suspended
region will encounter a boundary at t he support and reflect . This should create a
resonance cavity wit hin 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 t his device is similar to a patch antenna, in which an electric current
in t he metal couples with the plasmon in the suspended graphene area and creates
a resonant cavity t o generate plasmonic radiat ion in t he THz range. Fabrication
of t he proposed device structure is challenging b ecause of t he nature of the wet
transfer technique. In our init ial attempts, 285 nm t hick SiO 2 and on p-doped Si
(resistivity 0.001 to 0.005 fl cm, t hickness 500 µm ) was selected as a target substrate
due t o t he working principle of t he patch antenna [109]. We t hen patterned t he
substrate using photolit hography, and t he ent ire SiO 2 layer was etched from t he
exposed regions using dry etching. A metal layer 25 nm thick was t hen deposited
in t he 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 Si0 2 etched area.
image of the et ched Si0 2 array is shown in fig. 6.2. The periodicity of the et ched
Si0 2 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 Si0 2 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 tha t the dry et ching t echnique
had negligible under / over-cut. The height of the Si0 2 cavit ies are approximately
65nm.
At present, the fabrication process, which is described in det ail in Appendix C,
works well until the lift-off step. AFM da t a revealed tha t the etching height of
Si0 2 cavit ies are only 65 nm, so we need to increase t he etching time to complet ely
et ch the Si0 2 layer. After correcting the et ching time, we also need to deposit a
thin layer of met al (e.g., 2nm Ti/ 23nm Au) into the cavities.
Transfer of the CVD-grown large-area graphene onto this t yp e 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

Cl

·a;
I

-3x10-•

0

4x 10-•

6x 10-•

Distance (m)

Figure 6.3: Atomic force microscopy measurement on SiO 2 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. SiO 2 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 t ension. However , dry transfer t echniques are not realistic b ecause 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 t echniques may
destroy the suspended graphene region entirely.

In order to obtain large-area susp ended graphene structure (as proposed in
this chapter) wet transfer combined with an acetone vapor etch of the supported
polymer layer and soft baking at elevat ed t emperature (150 to 200 °C) for at least
30 min to dry off excess wat er seems to b e the b est approach.
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A

Fabrication of Graphene Plasmonic
Antenna Arrays Using Photolithography

The photolithography method to creat e graphene antenna arrays is described
b elow:
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 hotplat e 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. E x p osure :
(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 pho t 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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8

Graphene-Metal Structure Formation

The details of the EBL process to create graphene-metal structure are as described
b elow:
1. Cle aning :

(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 hotplat e 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 = 75 to 100 X
(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:

After developing desired pattern we used E-beam evaporator to deposit met al.
Following paramet ers were used to deposit 300 nm met al:
(a) Before deposition, chamber pressure was 3 x 10-

7

t o 5 x 10- 7 Torr

(b) 20 nm Ti was deposited as an adhesive layer at a rate of 0.5 A s- 1
(c) 260 nm Ag was deposited as plasmonic mat erial at a rate of 1 A s- 1
(d) At the end , 20 nm Au was deposited as a capping layer to protect silver
from oxidation . 0.5 A s- 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 N 2 gun
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C

Supporting Results of The Si02 Etch
Process

C.l

Fabrication of the suspended graphene plasmonic 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 su bstrate: The following recipe was used to make

t he 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 SiO 2 layer and metal deposition

Dry etching technique was used over wet etching, to get bet ter etch profile.
Following methods were applied to etch SiO 2 layer and metal deposition.
1. D ry etching of S i0

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) CF 4 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 A s- 1
(c) 23 nm Au was deposited as plasmonic material at a rate of 1 A s- 1
3. Lift-o ff 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 SiO 2 patterned area after 70 s development 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 b e observed.
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Appendix C. Support ing Results of The SiO 2 Etch Process

Figure C.1 top section shows optical micrograph of the patterned area onto
SiO 2 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 redevelopment 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.
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