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1 INTRODUCTION!

Graphene is a novel two-dimensional (2D) material with remarkable electrical and mechanical proper-
ties with many potential applications [1-4]. It is a one-atom thick sheet of sp>-bonded carbon atoms ar-
ranged in a honeycomb lattice. The discovery of this material follows in the footsteps of the discovery
of other carbon allotropes such as zero-dimensional (0D) buckyballs, and one-dimensional (1D) multi-

and single-walled carbon nanotubes.

1.1 Carbon Allotropes

Ordered carbon structures include the multi-dimensional carbon-nanomaterials as seen in Fig-
ure 1.1. Graphite is a 3D material that is obtained by stacking of graphene (2D material) layers that are
being held together by van der Waals interactions. If a single or multi- sheet of graphene is rolled up on
itself, the outcome of the procedure would represent a 1D single-walled or multi-walled carbon nano-

tube. A graphene sheet rolled up into a sphere would represent a 0D a buckyball.

Figure 1.1 Multi-dimensional sp>-bonded carbon: (a) 0D buckyball structure, (b) 1D single-walled carbon nano-
tubes, (c) 2D graphene, (d) 3D graphite [14].

! Some contents in this chapter were published in Chemistry of Materials: Sarajlic, O. I.; Mani, R .G. “Mesoscale Scan-
ning Electron and Tunneling Microscopy Study of the Surface Morphology of Thermally Annealed Copper Foils for Graphene
Growth”. Chem. Mater. 2013, 25, 1643-1648.



1.2 Methods of graphene synthesis

The growth of high quality graphene has become a topic of interest as graphene is an excep-
tional two-dimensional (2D) material with extraordinary electrical and mechanical properties [4,7,8,15-
17]. There have been utilized several methods of graphene growth including the epitaxial growth on SiC,
method of exfoliation of graphite, and chemical vapor deposition (CVD) [4,7,8,15,16]. Graphene fabri-
cated by the micromechanical cleavage of graphite has been widely utilized to demonstrate the basic proper-
ties of graphene [4,15]. Although this method provides high quality graphene, it is not suitable for large
scale graphene production, because the graphene flakes are small and scattered randomly on the sub-
strate. Epitaxial growth of graphene on silicon carbide (SiC) gives high quality graphene with high carrier
mobility (~10,000 cm?/Vs) [16,18-20]. Epitaxial graphene is produced by the thermal decomposition of
SiC at high temperatures between 1200°C and 2000°C. Here, the number of graphene layers depends upon
the growth temperature, growth time, and other details of the growth process [19,20]. Further, graphene
grown on SiC is hard to transfer onto other substrates. The CVD approach utilizes thin foils of copper or
nickel as catalysts to decompose organic compounds at a high temperature. The resulting carbon atoms
turn into adatoms on the catalyst surface, and subsequently become bonded together in a hexagonal

lattice, to form a large area graphene film

Table 1.1 Latest reports of sample size and room temperature charge carrier mobility of mono-layer graphene syn-
thesized by different methods.

Production Maximum Sample  RT Charge Carrier Corresponding
Method Size (mm) Mobility (cm*/Vs) References
Mech.an‘lcal -1 >100,000 4,28
exfoliation
Epitaxial growth ~100 >10,000 19,20
on SiC
Chemical Vapor ~1000 >16,000 29-31

Deposition



[7]. Table 1.1 summarizes the maximal reported sample size and room temperature (RT) charge carrier
mobility of graphene obtained by different methods.

Among the described methods, growth of graphene by CVD on catalytic copper surface [5-9] is
particularly attractive for a large-area synthesis. The key feature of copper (Cu) is the reduced solubility
of carbon on Cu that facilitates a large-area and uniform growth of a single layer graphene [5,6,21-27].
Unlike other
substrates, Cu allows for the growth of graphene through the adsorption process, where the attractive
interaction between C adatoms on the flat Cu surface is believed to promote island formation and fast
growth [27,32]. Previous works demonstrated that CVD growth, even on polycrystalline Cu films, results
in good quality and large size single layer graphene [4,33-35]. Here, during the CVD growth, carbon at-
oms follow the surface structure and bind more readily at the Cu grain boundary, which promotes grain
boundary defects [27,32,36]. Advances such as electropolishing of the substrate, the two-step CVD pro-
cess, and the pulsed CVD method serve to eliminate the Cu grain boundaries [29,37,38]. Since the me-
chanical strength of CVD graphene membrane [39-41] depends on the reduction of defects, these
methods help to realize higher quality graphene [37]. Similarly, chemical pre-treatment and/or pre-
annealing of the foil can be important growth parameters. It is known that chemical pre-treatment of
the foil [42] before CVD growth helps to remove native oxides from the Cu foil, and the high tempera-
ture pre-anneal reconstructs the Cu foil surface and promotes grain growth [29]. Yet, further improve-
ments to the CVD graphene quality seem to call for a better understanding of the evolution of the sur-
face of the Cu foil under heat treatment, and the identification of factors such as surface roughness,
grain size, and the nature of the grain boundaries that influence graphene quality [4,43].

The goal of the study, which will be discussed in detail in Chapter 4, is to trace and understand the
evolution of the surface morphology of the commercially available 25 um thick copper foil through

chemical etching and high-temperature anneal in order to develop better conditions for graphene



growth by CVD. For this purpose, a standard set of protocols were followed in the treatment of the cop-
per foils. We examine changes in the copper morphology as a function of chemical and thermal treat-
ments using various imaging technologies such as optical microscopy, scanning electron microscopy
(SEM), and scanning tunneling microscopy (STM). Following from the fact that carbon binds more readily
at the Cu grain boundary during CVD growth, optical micrography reveals imprinted macroscopic struc-
tures of copper onto the subsequently grown graphene layer once it has been transferred onto the SiO,
substrate [9].

Graphene grown by CVD on the copper foil needs to be removed from the foil and transferred
onto a target substrate before it can electronic device fabrication. The Poly(methyl methacrylate)
(PMMA) method is commonly used as an aid to isolate CVD graphene films from the copper substrate.
Even though PMMA support is regarded as the standard method of transfer for graphene, previous
studies suggest that the acetone treatment and/or thermal annealing in forming gas generally fail to
completely remove the residue of PMMA from the surface of graphene [12,44,45]. Furthermore, it was
shown that the high temperature anneal induces structural disorders due to the presence of charged
impurities between the graphene and SiO, substrate [46-48] or potential cracks and tears for supported
and free-standing graphene [12,44].

As alternative polymers to PMMA for CVD graphene transfer, polycarbonate (PC) and polysty-
rene (PS) exhibit excellent mechanical properties which are due to their strength and flexibility. All these
polymers are transparent and rigid. However, unlike PMMA, PC is stronger and usable over a greater
temperature range without cracking or breaking, and PS has good insulating properties along with low
water absorption [49]. It is well known that graphene's properties are greatly affected by numerous fac-
tors such as polymer residues from the transfer support [50], charged impurities in the substrate, and
absorbents on the graphene surface [51,52]. Thus, there remain issues to be overcome even after the

graphene transfer stage in the device fabrication process.



Chapter 6 evaluates the PC and PS polymers for their applicability as alternative materials to PMMA
for the graphene transfer. It also discusses an alternative way to decompose the residuals of the poly-
mer from the graphene surface. The ideal polymer support is expected to help to realize a clean and
tear-free transfer of graphene onto SiO, substrate, while at the same time being completely dissolved in
a readily available standard solvent without leaving the residue on the surface of graphene film. PMMA,
PC, and PS have been tested in this study as all of them are thermoplastic polymers with a common abil-
ity to act as a thin layer of transport material. The main difference between the suggested thermoplastic
polymers, PMMA, PC, and PS, is the chemical composition of the molecule. Unlike PMMA, PC and PS
contain benzene rings that are attached to the carbon atom on the backbone of their chemical struc-
tures. Having a benzene ring attached to one side of the chain will greatly affect the stiffness of the ma-
terial [53].

In an attempt to improve the electrical properties of graphene, the Hall bar devices that were ex-
posed to PMMA, PC, and PS support polymers were treated in ethanol. Plastics are commonly absorbent
to organic chemicals the effects of which include dissolution and/or recrystallization [54]. Thus, ethanol
treatment may potentially rearrange the polymer residue where the hydroxyl functional group is able to
dissolve many ionic and polar compounds while the ethyl group attracts non-polar substances [55]. A
visible improvement of the surface morphology along with enhanced electrical properties of graphene
has been observed after the chemical treatment with ethanol.

Raman spectroscopy is utilized to analyze the behavior of G and 2D peaks as a function of thermo-
plastic polymer and ethanol treatment. The results suggest that graphene that was exposed to the etha-
nol makes both G and 2D bands to shift to higher wavenumbers. In addition, ethanol treatment has a

tendency to dope graphene more p-type.



2 THEORETICAL BACKGROUND

The exceptional electronic and optical properties of graphene have attracted enormous attention and interest. The
basic properties and advantages of graphene have been discovered by Andre Geim and Konstantin Novoselov in

their innovative research on 2D material graphene [1], for which they received the Nobel Prize in Physics in 2010.

2.1  Atomic structure of graphene

Graphene results from the arrangement of carbon atoms in a 2D honeycomb structure. The honeycomb
structure may be viewed as a lattice with a basis, with two carbon atoms per unit cell. STM can be used to achieve
atomic-scale resolution of graphene. The mesoscale structure of graphene can be determined by atomic force
microscope (AFM) as seen from Figure 2.1a. Figure 2.1 shows the atomic structure and nanoscale morphology of
single layer of graphene on SiO, substrate. Figures 2.1b — 2.1c show a large-area along with the atomically re-

solved STM images of graphene film.

Figure 2.1 (a) AFM topography of graphene deposited on SiO, substrate. (b) Large area STM image of mechanically
exfoliated graphene sheet on SiO, substrate. (c) STM images of atomic-scale resolution of mechanically exfoliated
graphene film on SiO, wafer [50].



2.2  Electronic properties

The electronic structure of graphene strongly influences graphene-based electronics and devices
[58]. Monolayer graphene is a zero-gap 2D semiconductor. Graphene’s band structure shows a hexag-
onal symmetry due to the honeycomb lattice of graphene. Since there are two atoms per unit cell in
graphene, the band structure shows two in-equivalent points, K and K', see Figure 2.2 [59]. At K and K’
Valley points, the energy versus momentum dispersion is linear and the band gap is zero, such that elec-
trons and holes, behave like Dirac fermions, i.e., relativistic particles with spin %. In graphene, the K and
K' points are called the Dirac points [60,61]. Figure 2.2 shows the schematic of the band structure of
monolayer graphene.

One of the notable properties of graphene that is obtained from experimental transport meas-
urements is its remarkably high charge carrier mobility at room temperature, the values of which are
reported in Table 1.1. Graphene exhibits a minimum conductivity on the order of 4e*/h near the neu-
trality point that depends on the impurity concentration in the graphene sheet [15,52]. Due to its excel-
lent electronic properties graphene is a suitable candidate for wide range of potential applications, such

as enhancing the strength of complex materials, high-speed analog electronics, etc.

Figure 2.2 Schematic of the band structure of graphene, where two in-equivalent points, K and K’, at the vertex of
the Brillouin zone display no energy gap between two sublattices [62].



2.3 Applications

Potential applications for graphene are being seen and are under development in the fields of elec-
tronics, industrial processes, medicine, etc. Graphene with its unique physical, optical, and electronic
properties has the potential to complement or replace silicon-based electronics as the properties of car-
bon allotropes such as carbon nanotubes or graphene can be controlled by the electric field [1,15]. Pos-
sible innovations of graphene-based electronic devices such as touchscreen technology, LCD displays,
solar cells would open new possibilities in the world of technology owing the fact that graphene is ultra-
thin, yet strong and transparent material [1]. Figure 2.3 shows areas of possible industrial and educa-
tional applications of graphene. Additionally to electronic applications, graphene could potentially be an
efficient energy storage source in industrial engineering, such as in the production of ultra-capacitors
where graphene could theoretically manage greater energy storage density due to its particularly high
surface area to mass ratio [71].

Obtaining good quality graphene with improved growth, transfer, and fabrication methods will
bring the feasibility of these and many other applications of graphene closer toward mass production
and everyday life utility. Researchers in material science and nanotechnology along with engineering
companies have already considered applying graphene in various areas of high performance computing

and electronics devices.

Figure 2.3 Potential graphene applications in industry and research.



3 GRAPHENE SYNTHESIS, TRANSFER, AND FABRICATION

Graphene has been synthesized in various ways and on different substrates. This section will summarize
the synthesis methods of graphene and transfer techniques where appropriate. Each of the following
fabrication techniques has its own advantages and limitations, as well as specific applications in research

and industry.

3.1 Exfoliated graphene

The scotch tape method denotes the micro-mechanical exfoliation of graphite using a piece of
scotch tape [4,15]. During this process, adhesive tape is used to repeatedly split bulk graphite into thin-
ner pieces, and the process is repeated until a single or few layers of graphite, i.e. graphene, is obtained.
Using a dry deposition technique, the tape is pressed on a target substrate where fairly large crystallites
of few micrometers to one millimeter in size are visible. Figure 3.1a illustrates the process of micro-
mechanical cleavage of graphite, while Figure 3.1b shows the single layer graphene on the Si/SiO, sub-
strate [4].

The method of micro-mechanical cleavage provides high structural and electronic quality mate-

rial [4]. On the other hand, the pieces of exfoliated graphene are usually of several micrometers to few

Figure 3.1 Exfoliated graphene: (a) process of mechanical exfoliation of graphene from bulk graphite using scotch
tape, (b) single layer graphene transferred on SiO, wafer [4].
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hundreds of micrometers is size, having irregular shapes and orientations. For graphene films being
used in nanoelectronics and energy conversion, a scalable production is desired for industrial applica-

tions, much larger than the surface area of a single flake.

3.2  Epitaxial graphene on Silicon Carbide

Epitaxial graphene technique is a generally used to produce high quality monolayer graphene
the surface area of which can reach few centimeters, depending on the size of the silicon carbide (SiC)
wafer [16,18-20]. Heating SiC to high temperatures (1100 °C or greater) creates the desired conditions
for some of the silicon to sublimate, leaving a layer of carbon behind on the surface. The face of the SiC
substrate used for graphene growth, i.e., silicon or carbon, determines the thickness, mobility, and car-
rier density of the resultant graphene. Figure 3.2 illustrates the faces of SiC and epitaxial graphene on
the Si face of SiC (Figure 3.2a). Figure 3.2b shows an atomic force microscope (AFM) image of gra-
phene/SiC terraces.

Graphene grown by the epitaxial method on SiC exhibits a similar electronic band-structure.
Graphene on SiC also demonstrates the anomalous quantum Hall Effect associated with the properties

of massless Dirac fermions. Even though the mobility of epitaxial graphene is not as great as that ob-

Figure 3.2 Epitaxial graphene on Silicon Carbide: (a) schematics of epitaxial graphene on silicon carbide showing
buffer layer and Si- and C-termination [University of Groningen], (b) atomic force microscope (AFM) image of gra-
phene/SiC terraces [NPL].
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tained in exfoliated graphene, it has a major advantage in device application due to sizable surface area.
Epitaxial graphene on SiC is to be utilized in production of large integrated electronics and in the produc-

tion of high speed and high frequency transistors.

3.3 Chemical Vapor Deposition

The alternate technique to epitaxial growth of graphene is a CVD on catalytic metal substrate [7].
The CVD method became one of the most efficient ways to produce large-area and high quality gra-
phene films. This method utilizes metal films of copper or nickel during chemical interaction between
hydrogen or argon gas with carbon-containing gases due to the low solubility of carbon in these metals
[5,6,21-27]. The growth is performed in a furnace heated to about 1000 °C at low pressure. Figure 3.3a
shows the process of CVD growth where the hydrogen aids the reaction between methane and catalytic
substrate during which process carbon atoms are chemically adsorbed on the metal surface. A fast cool-
ing rate of the substrate is essential for the purpose of avoidance of carbon aggregation into bulk graph-
ite on top of the metal film. The CVD method of graphene growth utilizes the foils of copper and nickel,
where mono- or few-layer graphene can be grown. The growth of graphene on copper foils can form
single-layer graphene, whereas with nickel substrates multi-layer films are formed through carbon seg-
regation, precipitation, and absorption. Copper became the optimal choice for the catalytic substrate
due to the extremely low solubility of carbon in copper that allows production of monolayer graphene
with a high percentage of single layers. Figure 3.3b demonstrates the SEM image of graphene on copper
foil. After the chemical deposition of graphene on the metal catalyst is complete, the graphene can be
transferred to diverse substrates, as seen from Figure 3.3c. This feature makes the CVD method suitable

for many applications.
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Figure 3.3 Graphene synthesized by CVD. (a) CVD growth process, where hydrogen atoms support the reaction
between methane and catalytic substrate during which process carbon atoms are chemically adsorbed on the
metal surface [MMU Research, The Dalton Research Institute]. (b) SEM image of CVD graphene on copper sub-
strate with copper striations and grain boundaries are clearly visible [7]. (c) CVD graphene transferred onto SiO,
substrate after copper has been chemically removed [7].

3.3.1 Transfer methods

Among the many possible transfer techniques, polymer aided transfer is mostly used. Transfer
processes have been demonstrated using wet and dry transfer via polymer aid such as PMMA, polydi-
methylsiloxane (PDMS) frames or elastomer stamps [13,63]. PMMA is commonly utilized mechanical
support for graphene transfer. First, PMMA is spin coated on top of graphene on Cu, after which Cu is
etched away using ferric nitrite (Fe(NOs)s) or ferric chloride (FeCls) solution. Then the graphene with
polymer is thoroughly rinsed in deionized water and placed carefully on the top of the target substrate.
Once the graphene/polymer membrane is dry, an acetone or dichloromethane bath is commonly used
to remove a layer of PMMA. The transfer process for the polymer supported graphene is shown in Fig-
ure 3.4.

After copper has been chemically removed via the process illustrated on Figure 3.4, the quality
of graphene and the number of graphene layers can be evaluated using Raman spectroscopy. In Raman

spectroscopy, a spot on the sample is illuminated with a laser beam of fixed wavelength. The light from
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Figure 3.4 Schematic illustration of wet transfer process of CVD grown graphene on copper foil onto SiO, substrate.

the target spot is then collected with a lens and sent through a monochromator where some of the out
and the rest are dispersed onto a detector to produce a spectrum of the surface. Figure 3.5b [64] shows
typical Raman spectrum of single-, double-, and multi-layer graphene synthesized by CVD on copper and
transferred to the SiO, substrate, as shown on Figure 3.5a.

The intensity of Raman D band (~1350 cm™) in graphene determines the defect density. In Fig-
ure 3.5b, the l,p/lg intensity ratio of the spectrum is about 2 indicating that the graphene is a single lay-
er; the blue curve on Figure 3.5b represents a bilayer graphene, with I,p/lg ~ 1; the black curve corre-
sponds to multi-layer graphene where I,5/Ig< 1. The Raman spectrum of CVD graphene can also be tak-

en directly while on the catalytic substrate after the growth has been completed.

Figure 3.5 (a) Optical micrograph of CVD graphene on SiO, substrate [1], (b) Raman spectroscopy of the trans-
ferred graphene on SiO, substrate in image (a) illustrating the presence of single-layer (brown curve), bilayer (blue
curve), and few-layer graphene (black curve) with identified D, G, and 2D peaks [64].
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4  EXPERIMENTAL CHARACTERIZATIONS AND RESULTS’

4.1 Copper foil annealing process

25 um thick copper foils were annealed using a horizontal 1 inch quartz tube furnace system.
The experimental schematics and furnace setup are illustrated in Figure 4.1. The system is first pumped
down to a base pressure of 36 mTorr. Then, the furnace is heated to 1025 °C with 10 sccm flow of H;N,
reaching 200 mTorr H,N, pressure. Once the temperature reached 1025 °C, the flow of CH, is introduced
to the system. Both CH, with 40 sccm and H,N, with 10 sccm are flowing during the process at 1025 °C
for 30 min (P ~ 500 mTorr). After heat treatment, the specimens were cooled to room temperature over
a period of two hours. The thermal and chemical treatments of copper foils are described in Table 4.1.

The label at the top right corner of the images in Figures 4.2 — 4.9 indicates the protocol to
which the specimen was subjected. BF indicates bare foil, EF (etched foil) denotes foils etched in
Fe(NOs); for 30 seconds, H,N, signifies heat treatment in forming gas at 1025 °C for 30 minutes, and
H,N,:CH, marks heat treatment in forming gas and methane at 1025 °C for 30 minutes. For all the heat

treatment protocols, the furnace with the Cu foil required a period of 30 minutes to reach the operating

Figure 4.1 (a) Schematics of the CVD system. (b) Photo of the experimental set-up of CVD growth furnace.

? The contents in this chapter were published in Chemistry of Materials: Sarajlic, O. I.; Mani, R .G. “Mesoscale Scan-
ning Electron and Tunneling Microscopy Study of the Surface Morphology of Thermally Annealed Copper Foils for Graphene
Growth”. Chem. Mater. 2013, 25, 1643-1648. Copyright belongs to American Chemical Society, Chemistry of Materials.
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Table 4.1 Description of the protocols applied to the unetched bare foil (BF) and the etched foil (EF) of copper.

temperature of 1025 °C. During this warm-up period, there was a constant 10 sccm flow of H,N, in the

quartz tube. These protocols were chosen because they often appear in recipes for CVD graphene.

4.2 Optical Characterizations

After the foils were annealed using the protocols described in Table 4.1, they were characterized
using Optical Microscopy (OM), Scanning Tunneling Microscopy (SEM), and Scanning Tunneling Micros-
copy (STM) to show the evolution of the surface morphology after every pre-treatment and/or pre-

annealing procedure.

4.2.1 Optical Microscopy

Figures 4.2 — 4.5 exhibit optical microscope images. We begin by looking at the bare Cu foil (BF)
surface. Figure 4.2a shows pronounced striations, which are the parallel lines rotated slightly clockwise
with respect to the vertical, going across the surface of the substrate. Such striations are believed to re-

sult from the rolling of copper into foil at high pressure. Then the foil was etched in the Fe(NO;); (1M)
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solution for 30 seconds (Figure 4.2b). Here, the aim was to remove the striations and fractures/dents,
and smoothen the bare foil surface. Instead, the foil developed a coarse texture with etch pits after the
etch.

Figure 4.3a shows an optical image where a 250 um wide Cu grain, with nearly horizontal stria-
tions below, is clearly visible in the Cu foil annealed under H;,N, for 30 minutes at 1025 °C. This protocol
represents the typical pre-annealing procedure utilized to prepare the foil surface, prior to the introduc-
tion of methane. This protocol also visibly removes the native copper oxide, via the chemical reduction
of the oxidized copper by hydrogen. The successive application of both the Fe(NOs); etch and the H;N,
anneal to the Cu foil creates a rolling terrain with surface scarring visible at low magnification as seen
from Figure 4.3b.

Figure 4.4a displays un-etched foil exposed to a H,N,:CH, for 30 minutes at 1025 °C, where the Cu grain
boundary is also clearly pronounced. After the Cu foils were etched and subjected to H,N,:CH, at 1025
°C, as illustrated on Figure 4.4b, the scarred Cu surface with micron sized pits and dents were covered

with monolayer graphene film.

Figure 4.2 Optical images of 25 um Cu foil at 400x magnification. The label at the top right of the images indicates
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched
foil. (a) This panel shows that bare foil includes striations resulting from rolling copper at high pressure. (b) Bare
foil subjected to a Fe(NO3); etch produces a nonuniform surface with micrometer sized pores.



17

Figure 4.3 Optical images of 25 um Cu foil at 400x magnification. The label at the top right of the images indicates
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched
foil, H,N, indicates heat treatment in forming gas at 1025 °C for 30 min. (a) Bare Cu foil heat treated in H;N, at
1025 °C for 30 min displays a 250 pum wide copper grain along with traces of striations that are less pronounced
after thermal treatment. (b) Etched foil treated in H,N, at 1025 °C for 30 min displays few hundreds micrometer
wide grains with surface scars.

Figure 4.4 Optical images of 25 um Cu foil at 400x magnification. The label at the top right of the images indicates
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched
foil, H,N, indicates heat treatment in forming gas at 1025 °C for 30 min, and H,N,: CH, indicates heat treatment in
forming gas and methane at 1025 °C for 30 min. (a) Bare foil thermally exposed to H,N,: CH, shows graphene on
top of copper grains. Here, vertical striations are still visible in the underlying copper foil. (b) Etched foil heat treat-
ed under H,N,: CH, at 1025 °C for 30 min indicates indistinct Cu grains covered with a single layer of graphene.
Also visible are micrometer sized pits and dents.

The last protocol is intended to answer whether pre-annealing the Cu surface before flow of
methane gas improves the catalytic surface for graphene growth. Therefore, Figure 4.5a shows the opti-

cal image of Cu foil subjected to pre-annealing under H,N, for 30 minutes followed by H,N,:CH, expo
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Figure 4.5 Optical images of 25 um Cu foil at 400x magnification. The label at the top right of the images indicates
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched
foil, H,N, indicates heat treatment in forming gas at 1025 °C for 30 min, and H,N,: CH, indicates heat treatment in
forming gas and methane at 1025 °C for 30 min. (a) Bare foil subjected to heat treatment under H,N, at 1025 °C for
30 min followed by H;,N,:CH,4 at 1025 °C for 30 min displays single layer graphene film overlying Cu grains that are a
few hundreds micrometers wide. Inset: A partially peeled Cu foil (scale bar is 500 um) that lost the crust layer. (b)
Etched foil subjected to heat treatment under H;N, at 1025 °C for 30 min followed by H,N,:CH, at 1025 °C for 30
min shows less surface nonunformity and includes monolayer graphene.

sure for another 30 minutes at 1025 °C. This protocol results in crusting, with Cu grains on the crust, and
the peeling of crust layers of Cu foil along with graphene (see insert Figure 4.5a). However, in unpeeled
areas, grains of Cu covered with monolayer graphene were clearly perceptible. Figure 4.5b demon-
strates that annealing with H,N, and H,N,:CH, smoothen out the non-uniformity of the surface, leaving
micron sized pits still visible, as the Cu foil is covered by mono-layer graphene. Therefore, the optical
study of Cu foils shows that exposing the bare Cu foil to both H,N,:CH, and H,N,+(H,N,:CH,) protocols

produces monolayer graphene.

4.2.2 Scanning Electron Microscopy
We examined the same Cu foils with SEM. As in the optical image of Figure 4.2a, Figure 4.6a confirms
(vertical) striations on Cu in the SEM image. However, the SEM image also shows horizontally running
surface fractures/dents. Figure 4.6b does not show striations or fractures on the Cu surface as the

Fe(NOs); etch leaves behind a coarse surface.



19

Figure 4.6 SEM images of 25 um Cu foil. The label at the top right of the images indicates the protocol to which the
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil. (a) Striations resulting
from rolling copper at high pressure are still visible in the SEM image. Also visible are microscopic dents/fractures
in the foil surface. (b) Bare foil subjected to a Fe(NOs); etch produces a nonuniform surface with etch quarries en-
crusted onto the surface.

Figure 4.7 SEM images of 25 um Cu foil. The label at the top right of the images indicates the protocol to which the
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil, H,N, indicates heat
treatment in forming gas at 1025 °C for 30 min. (a) Heat treated bare Cu foil displays an approximately 50 um wide
grain. (b) Etched foil heat treated under H,N, also displays an approximately 50 um wide grain.

Figure 4.7a clearly illustrates presence of Cu grains and grain boundaries. The exhibited grain at
the center of the figure is about 50 um wide in this H,N, annealed foil. Etched foil heat treated in H;N,
as seen from Figure 4.7b still displays Cu grain boundaries. Here, the grain at the center is about 50 um
wide. A close examination still indicates coarseness in the surface although it is now significantly re-

duced.
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Figure 4.8 SEM images of 25 um Cu foil. The label at the top right of the images indicates the protocol to which the
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil, H,N, indicates heat
treatment in forming gas at 1025 °C for 30 min, and H,N,:CH, indicates heat treatment in forming gas and methane
at 1025 °C for 30 min. (a) Well pronounced 20-30 um wide flower-shaped structures are observed on the surface
of copper once the Cu foil has been treated with H,N,:CH,. Vertically running striations are still evident on the left.
These flower structures suggest graphene grains that have not yet coalesced into a uniform and continuous sheet
of graphene. (b) This panel shows graphene domains, with multiple wrinkles within them, that are on the verge of
coalescing together to cover the underlying metallic substrate.

Figure 4.9 SEM images of 25 um Cu foil. The label at the top right of the images indicates the protocol to which the
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil, H,N, indicates heat
treatment in forming gas at 1025 °C for 30 min, and H,N,:CH, indicates heat treatment in forming gas and methane
at 1025 °C for 30 min. (a) This figure shows the Cu surface nearly fully covered with graphene. (b) The image shows
the graphene layer overlying micrometer sized pits in the etched Cu foil.

Once the Cu foil has been treated with H,N,:CH, (Figure 4.8a), well pronounced with approxi-
mately 20 - 30 um wide flower-shaped structures are observed on the surface of copper, although verti-

cally running striations are still evident towards the left of the figure. These structures suggest graphene
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grains that have not yet coalesced into a uniform and continuous sheet of graphene. Remarkably, the
graphene grains show indications of crossing Cu grain boundaries. This can be seen in the left-half of
Figure 4.8a, where a semi-circular grain boundary cuts through at least two graphene grains. Figure 4.8b
shows wrinkled graphene domains. These domains appear to be on the verge of coalescing together to
cover the underlying substrate. Note that Figure 4.3c shows more perceptible flower-shaped structures
in comparison to Figure 4.8b, where the light shaded regions of copper resemble stitch marks between
graphene domain boundaries.

Figure 4.9a shows the Cu surface nearly fully covered with graphene after the H,N, + (H,N,:CH,)
protocol. The image on Figure 4.9b shows the graphene layer overlying micron sized pits in the etched
Cu foil. Thus, it appears that both the BF+(H,N,:CH,) and the EF+(H,N,:CH,) protocols offer a desirable
environment for graphene growth.

Each method has its advantages: the growth on BF produces individual flower-shaped structures
or disconnected patches of graphene, while growth by the EF+( H,N,:CH,) protocol appears to be a fast-

er approach to producing continuous graphene films.

4.2.3 Scanning Tunneling Microscopy

Some results from the Scanning Tunneling Microscope (STM) study are shown in Figures 4.10 —
4.12. Figure 4.10a shows the STM image of bare Cu foil consisting of a granular Cu surface with average
grain diameter of about 20 nm. The cross-sectional profile as seen from Figure 4.10b provides important
information about the roughness of the surface after a specific course of treatment. From many param-
eters that describe roughness, average roughness (R,) gives the vertical deviations of the actual surface
topography from its smooth form inside an evaluation length, divided by the number of points in the

cross-section [65],

2|~

Ra =

N
Dt
j=1
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Figure 4.10 (a) STM image of bare Cu foil that shows a granular surface with average grain diameter of about 20
nm. (b) This figure shows a 10 nm height variation in the bare foil over a 0.2 um interval in the domain 0 < x < 0.3
pm, with Ra = 0.25 nm over the line trace.

Here, 7; is the vertical distance from the mean line to the jt" data point. The cross-sectional surface pro-
file of BF in Figure 4.10b shows a 10 nm height variation over a 0.2 um interval in the domain 0 < x <0.3
pum, with R, = 0.25 nm over the line trace.

STM image of un-etched Cu foil exposed to H,N, at 1025 °C is shown on Figure 4.11a. Under
thermal annealing in H,N,, the overall end-to-end height variation on Figure 4.11b is only 3 nm suggest-
ing that the Cu surface flattens, and the average roughness of the Cu foil is R, = 0.18 nm. Figure 4.12a
displays the STM image of bare foil heat treated with H,N,:CH,. This figure shows stripe-like features
that correspond to the graphene wrinkles observed by SEM, see Figure 4.8. Thus, Figure 4.12a exhibits a
continuous graphene layer over the Cu substrate. To confirm this point, the insert of Figure 4.12a dis-
plays an atomic resolution image of graphene on polycrystalline Cu. In contrast to cross-sectional pro-
files displayed on Figures 4.10b and 4.11b, in Figure 4.12b, there is a 10 nm height difference from one
end of the cross section to the other, with R; = 0.08 nm. Therefore, surface roughness of Cu film is sig-
nificantly reduced after exposing it to H,N,:CH,. Perhaps, the reason for this result is that the overlying

graphene layer is smoother.
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Figure 4.11 (a) STM image of unetched Cu foil exposed to H,N,. The grains appear to be flattened. (b) Cross-
sectional profile showing 3 nm height variation with average surface roughness of 0.18 nm in the H,N, annealed
foil.

Figure 4.12 (a) STM image of unetched Cu foil heat treated in H,N,:CH, for 30 min at 1025 °C. This protocol pro-
duces a monolayer graphene sheet that covers the underlying catalytic substrate. Inset: Atomic resolution image
of graphene on copper (scale bar is 2 nm). (b) Cross-sectional profile showing 10 nm height variations with average
surface roughness of 0.08 nm in H,N,:CH, treated foil.

4.3 Transfer process

After the CVD growth of graphene on copper foil is cooled down, a polymer deposited on top of
graphene can serve as a transfer aid. The Poly(methyl methacrylate) (PMMA) transfer method was uti-
lized as a supporting mechanical substrate. The PMMA solution was spin-coated onto the graphene/Cu
substrate, softly baked for 5 minutes at 100 °C, then chemical etched with Fe(NO;); etching (1M) solu-
tion. Silicon dioxide (SiO,) served as a substrate of choice for graphene/polymer system. The transfer

process of graphene from graphene/copper foil onto SiO, substrate is illustrated on Figure 4.13.
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Figure 4.13 Schematic diagram of graphene transfer procedure onto silicon dioxide substrate.

Once graphene is etched from the catalytic substrate, it can be placed on a target substrate such
as oxidized silicon wafer, glass, muscovite mica, or sapphire. Si/SiO, wafer is commonly used substrate
for graphene deposit. Having a thin carbon layer firmly attached to the surface of Si/SiO, substrate by
weak van der Waals forces allows investigating the homogeneity of resultant graphene films as a func-
tion of the growth conditions. Thus, growth, transfer, and fabrication of graphene films are essential
and inter-related steps toward enhancement of complex materials and production of high-speed elec-

tronics.

4.4 Raman Spectrum

Figure 4.14a is an optical micrograph of the graphene film realized with the H,N,:CH, protocol.
The Cu foil with graphene that is shown in Figures 4.4a and 4.8a was etched in Fe(NQO;); and transferred
to SiO, wafer using a Poly(methyl methacrylate) (PMMA) liftoff method. Comparing the textures of the
transferred graphene film (Figure 4.14a) and the Cu foil surface (Figures 4.4a and 4.8a), we see that the
graphene film preserves an imprint of the Cu foil grain structure, as the darker regions in the graphene
correspond to the grain boundaries seen in the Cu surface. Here, it appears that the deeper the grain

boundary structure of the Cu foil, the more pronounced are the contrast variations in the transferred
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Figure 4.14 (a) Cu foil with graphene (see Figures 4.4a and 4.8a) was etched with Fe(NO;); and transferred onto
SiO, wafer using a PMMA transfer technique. Here, traces of Cu grain boundaries appear to imprinted on the gra-
phene layer. (b) Raman spectrum of the graphene film obtained with 532 nm laser excitation.

graphene film. A Raman spectrum of the transferred graphene suggests mostly single layer graphene
based on the intensity ratio between 2D peak with frequency of 2700 cm™ and the G band of ~ 1580
cm’™ (Figure 4.14). The Raman D band which located at ~ 1350 cm™ represents defects in graphene due
the inelastically scattered zone-boundary phonons that do not satisfy the Raman selection rule [66,67].
This feature is attributed to the Cu grain boundaries [36] which are replicated in the transferred gra-

phene film as illustrated on Figure 4.14a.
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5  EFFECTS ON COPPER SURFACE MORPHOLOGY: DISCUSSION?

Bare copper foil is often covered with copper oxide. At elevated temperatures, the relevant reac-

tions for the reduction of copper oxide are
CuO(s) +H,(g) — Cu(s) + H0()

and

4CuO(s) + CH, — 4Cu(s) + 2H,0() + CO,.
Reduction of copper oxide by hydrogen (H,) is known to be faster than reduction by methane (CH,).
Thus, in the utilized protocols, BF (or EF) + H;,N,, should be very effective in reducing the oxide. BF (or
EF) + H,N,+ (H,;N,:CH,4) should be even more so since there is exposure to the H,N, and CH, during gra-
phene growth. The BF (or EF) + (H,N,:CH,4) might be less effective in oxide reduction process since gra-
phene growth could, in principle, be proceeding during the oxide strip. However, since good quality gra-
phene has been realized with this protocol, the stripping of the oxide appears not be a constraint.

These results confirm a close relationship between the change in the Cu surface morphology under
heat treatment and the nature of the graphene grains on the foil surface. The Cu surface morphology is
modified by thermal treatment through the enlargement of grains and improved relative surface flat-
ness. Here, grain growth is favored thermodynamically to decrease grain-boundary volume, which is less
dense and much more defective than the crystalline bulk. The thermal energy provides the Cu mobility
necessary to promote grain growth.

The simplistic view of CVD graphene growth that is often conveyed is that the catalytic substrate is
perfectly flat and smooth. The organic feedstock is decomposed over this heated substrate, resulting in
a shower of carbon atoms on the foil surface. The carbon adatoms move freely over the smooth and flat

substrate until they reach a growing graphene grain front, where they bond onto the expanding grain, as

® Some contents in this chapter were published in Chemistry of Materials: Sarajlic, O. I.; Mani, R .G. “Mesoscale Scan-
ning Electron and Tunneling Microscopy Study of the Surface Morphology of Thermally Annealed Copper Foils for Graphene
Growth”. Chem. Mater. 2013, 25, 1643-1648.
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a result of an attractive interaction. Thus, the realization of large area Cu grains should improve surface
flatness, adatom mobility, and C-C interactions which aids in the formation of graphene.

Although these results appear to be consistent with many aspects of this simplistic view, a puzzling
aspect is that even within a single copper grain, which can be as large as several hundred micrometers,
see Figure 4.12, we observe height variations that are very large compared to the diameter of the car-
bon atom, 0.22 nm. Certainly, the surface topography within a single grain appears not very flat, and
deviations from flatness are not simple monatomic steps. In such a situation, adatom mobility and C-C
interactions would presumably be reduced as adatoms are confronted with the height variations pre-
sented by the hilly topography. Yet, paradoxically, the growth of graphene film on such substrates

seems not to be influenced by such topography.
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6 POLYMER SUPPORT METHODS"

Before fabrication of the graphene-based electronic devises, graphene, with all its atoms
being exposed to the molecular environment, is in need of careful choice of transfer mecha-
nism and supporting substrate [10-13]. Graphene transfer onto a target substrate is a link between
CVD growth of graphene on copper film and Hall bar device fabrication. This chapter concentrates on
the effect of various thermoplastic materials used during the transfer of CVD-grown graphene. Before
fabricating the monolayer graphene grown by CVD on copper, the foil with graphene was introduced to
three different polymers, PMMA, PC, and PS, that act as mechanical transfer supports. The Cu substrate
was etched with FeCl; (0.34 M) solution, and the CVD graphene sheets with associated supporting mate-
rials were transferred onto SiO, wafers. PMMA film was removed by immersing the graphene/polymer
membrane on SiO, in acetone bath, PC - in dichloromethane, and PS - in toluene for 20 hours. The cor-

Table 6.1 Molecular characteristics of thermoplastic polymers (PMMA, PC, and PS) and ethanol (ethyl alcohol).
Molecular formula defines corresponding molecular structure. The geometry of PC and PS shows the existence of
benzene rings that are attached to the carbon atom on the backbone of their chemical structures unlike the one of
PMMA. Molecular characteristics of ethanol demonstrate the presence of hydroxyl group (-OH) that is able to dis-
solve many ionic and polar compounds and ethyl group (-C,Hs) that attracts non-polar substances.

Thermoplastic
Molecular Formula Molecular Structure
Polymer
Poly (methyl i
C O H n CH;,— )n
methacrylate) (PMMA) Calefla) = iO’CH,

cH, i
Polycarbonate (PC) (C16H1403)n ‘“°‘©‘iﬂ‘©‘°_° n

—CH,—! )n
Polystyrene (PS) (CsHg)n 6

Solvent Molecular Formula Molecular Structure
H H

Ethanol C2HsO ll—(ll:—(ll:—o—n
H H

* The contents in this chapter are in review in Applied Physics Letters: Sarajlic, O. |.; Mani, R .G. “Various Polymer
Support Methods of Transfer for CVD Graphene: Optical and Electronic Properties”.
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responding polymer solvents were exchanged twice during this process. Optical properties of trans-
ferred graphene films on SiO, substrates were analyzed using SEM and Raman Spectroscopy.

The choice of alternative thermoplastic polymers to PMMA is mainly due to PC and PS having sim-
ilar physical and chemical characteristics as those in PMMA. The polymer molecule structure for both PC
and PS contains a benzene ring attached to the carbon atom on the backbone the molecular geometries
which are shown in Table 6.1. In an attempt to decompose the residuals of the polymer from the gra-
phene surface we introduce the carbon film to the ethanol treatment. Table 6.1 also shows the molecu-
lar structure of ethanol consists of an ethyl (-C,Hs) head and hydroxyl (-OH) tail. Graphene transferred by
the PMMA supporting method is indicated as GPMMA, graphene transferred with PMMA aid and them
submerged to the ethanol treatment is denoted as EGPMMA. Similarly, the notations of GPC (GPS) and
EGPC (EGPS) indicate graphene transferred by PC (PS) without ethanol and PC (PS) supported graphene

after ethanol treatment, respectively.

6.1 Effect of Ethanol Treatment

Figure 6.1 shows SEM images of CVD graphene on SiO, substrate and the effect of ethanol treat-
ment on the cleanness of the graphene surface. Ethanol treatment in the case of graphene transferred
via PMMA support partially cleaned the surface from the residuals of the polymer as Figure 6.1(b) sug-
gests in comparison to the graphene membrane without ethanol bath, Figure 6.1(a). In addition to the
visible changes to the surface, the electrical properties of graphene with PMMA support after ethanol
treatment have also been enhanced as seen from Figure 6.3. Significant improvement to surface mor-
phology of graphene on SiO, is observed in the case of PC support before and after ethanol treatment
when comparing Figures 6.1(c) — 6.1(d), which shows the rearrangement of polymer residue by ethanol.
PS polymer was able to dissolve completely in corresponding solvent, toluene, suggesting that ethanol

environment does not change the morphology of graphene film (Figures 6.1(e) — 6.1(f)). However, etha-
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nol treatment positively affects the electrical properties of the graphene after its exposure to ethanol

bath (see Figure 6.3).

Figure 6.1 SEM images of CVD graphene on SiO, substrate. (a) Graphene transferred via PMMA support showing
visible wrinkles (blue errors) and graphene grains of about 2 um each side of a hexagon. Scattered residuals of the
polymer are clearly visible on the surface of the film. (b) Graphene transferred by PMMA, etched in acetone to
remove PMMA, and then submerged to the ethanol bath. No noticeable wrinkles are observed, but the graphene
grains of about 2 um in length per side are present. (c) Graphene transferred by PC aid showing excess of polymer
residuals on the surface. Graphene grains are still visible through the layer of unetched remnants of PC. (d) Gra-
phene transferred by PC, etched in dichloromethane to remove PC, and then submerged to the ethanol bath. Eth-
anol treatment has evidently improved the cleanness of graphene film from polymer deposits. Graphene grains are
still reproducible and clearly visible. (e) Graphene transferred by PS support showing visible adlayers (red errors)
and graphene grains of about 2 um each side of a hexagon. No visible residue of PS is observed. (f) Graphene trans-
ferred by PS, etched in toluene to remove thin layer of polymer support, and then submerged to the ethanol. Eth-
anol treatment does not have an observable effect on the appearance of the surface cleanness. Visible wrinkles
(blue errors), adlayers (red errors), and graphene grains are observed on the surface of transferred graphene film.
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6.2 Raman Characterizations of Ethanol Treated Graphene

Raman spectroscopy is utilized to analyze the behavior of G and 2D peaks as a function of ther-
moplastic polymer and ethanol treatment. Figure 6.2 shows the results of the Raman spectra of CVD
graphene on SiO, substrate for all graphene transfer methods. The Raman D band at ~ 1350 cm™, which
determines the defect density that is due to the zone-boundary phonons [66] within the material, has a
relatively small intensity indicating a good quality of graphene. The Raman D band for graphene trans-
ferred by PMMA and PC is relatively small indicating a good quality of graphene. The intensity ratio of
2D to G bands (l,0/lg) suggests that the surface of both samples is mostly covered by mono-layer gra-
phene. The G band of EGPMMA is shifted by 1.5 cm™ to the right with respect to GPMMA G peak while
2D band of EGPMMA is shifted by ~ 3 cm™ to the right with respect to the one of GPMMA. For the gra-
phene transferred by PC aid, there observed a slight shift to the right of EGPC G peak of ~1 cm™ com-
paring to the GPC G band while 2D peak of EGPC is being shifted to the right more drastically, by ~ 6
cm™. The intensity of the D band had been reduced in the case of graphene transferred by PS once
treated with ethanol, suggesting that the ethanol bath potentially serves to provide polymer residual
decomposition from the graphene surface. The G peak of EGPS experienced a 3 cm™ Raman shift to the
right with respect to the GSP curve. The 2D EGPS band is shifted to the right by 4 cm™ with respect to
the GPS 2D band. The following observations suggest that the ethanol treatment has a slight effect on
the Raman spectrography of the graphene quality.

Raman spectrograph data of the G and 2D band position shift show consistent blue-shift of the
curves for the graphene films that were treated by ethanol, regardless of the polymer support used dur-
ing the transfer. This minor blue-shift is less likely to be caused by the compressive stress on graphene
film by the SiO, substrate [69] because the samples did not experience any thermal treatment that

would be a source of stress. The narrowing of the G and 2D bandwidth was observed in case of gra-
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Figure 6.2 (a) Raman spectra of CVD graphene on SiO, substrate (using 532 nm wavelength laser) transferred by
PMMA (bottom blue curve), PMMA then ethanol treatment (bottom red curve), PC (middle blue curve), PC then
ethanol treatment (middle red curve), PS (top blue curve), and PS then ethanol treatment (top red curve). Raman
spectrography shows consistent blue-shift of the curves of graphene that were treated by ethanol, regardless of
the polymer support used during the transfer. (b) Raman characteristics of CVD graphene on SiO, substrate trans-
ferred by PMMA, PC, and PC polymer support materials in addition to those exposed to the ethanol bath, indicated
as EG PMMA, EG PC, and EG PS. (c) G-band and 2D-band peak positions as a function of transferred polymer that
are extracted from corresponding Raman spectra (a). Both peaks trend to exhibit a blue-shift after the graphene
films were exposed to ethanol.

phene transferred by PC and PS polymers after the ethanol treatment, suggesting the doping effect
which owes to the Pauli Exclusion Principle for electrons and holes where the phonon cannot decay into
electron-hole pairs because of the absence of the resonant process[68]. In addition, the ethanol treated
samples show that graphene transferred by PMMA and PC polymer experience a reduction in |,p/lg ratio

which also signifies the doping effect [68]. The observed G and 2D band blue-shifts on average by ~ 2
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cm’™ for G band and by ~ 4 cm™ for 2D band suggest that the graphene samples are more p-doped after
the ethanol treatment.

The table in Figure 6.2(b) shows the Raman characteristics of CVD graphene on SiO, substrate
transferred by PMMA, PC, and PC polymer support materials in addition to those exposed to the etha-
nol. The intensity ratios of 2D to G bands I,p/lg vary from 1.3 to 2.2 in both cases, graphene without eth-
anol treatment and with ethanol treatment, respectively. The values of |,p/lg ratios indicate that the
graphene is mostly a single layer with an exception of adlayers, as seen from Figure 6.1, which would
trigger the elevation of number of layer in graphene and reduction of corresponding I,p/lg ratios.

Raman data are measured to compare the behavior of graphene before and after the ethanol
treatment. Raman characteristics along with the Raman analysis table on Figure 6.2(b) confirm that the
G and 2D peaks tend to exhibit a blue-shift after the graphene films were exposed to the ethanol treat-
ment. Therefore, the change in the Raman spectra of ethanol treated graphene samples gives rise to a
shift to higher frequency in both G and 2D bands due to ethanol ability to dissolve and/or rearrange the
residuals of the polymer from the graphene surface [54]. In addition, ethanol treatment has a tendency

to dope graphene toward p-type material.

6.3  Electrical Measurements as a Function of Polymer Support

In an attempt to improve the electrical properties of graphene, the Hall bar devices that were
exposed to PMMA, PC, and PS support polymers were treated in ethanol. Plastics are commonly absor-
bent to organic chemicals the effects of which include dissolution and/or recrystallization [54]. Thus,
ethanol treatment may potentially rearrange the polymer residue where the hydroxyl functional group
is able to dissolve many ionic and polar compounds while the ethyl group attracts non-polar substances
[55].

Four-terminal electrical measurements were carried out at room temperature. Charge carrier

mobility is measured as a function of the thermoplastic polymer support before and after the ethanol
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treatment as shown on Figure 6.3. We measured nine devices before and nine devices after the expo-
sure to the ethanol treatment. The samples fabricated using PMMA transfer support had mobility of
11484518 cm?/(V-s) before ethanol treatment, and 1338+1134 cm?/(V-s) after ethanol bath. Graphene
devices transferred by PC had mobility of 13824291 cm?/(V-s) before ethanol treatment, and 1594+206
cm?/(V-s) after ethanol solvent. Devices transferred by PS aid had mobility of 17794992 cm?/(V-s) before
ethanol treatment, and 2283+1366 cm?®/(V-s) after ethanol. All devices, regardless of the polymer sup-
port mechanism, had on average of about 21% increase in charge carrier mobility at room temperature
in air when allowing SiO,/graphene structure to be exposed to the ethanol treatment. The reason for
the evident enhancement of the electrical properties of CVD-grown graphene devices after the ethanol
treatment could be due to ethanol acting as an additional solvent due to the fact that plastics, in gen-
eral, are permeable to organic compounds which in turn considerably removes the residuals of the pol-
ymer. Based on SEM characterizations, ethanol treated graphene surface improved substantially by hav-

ing minimal remnants of polymer residue.

3000
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Figure 6.3 Mobility of CVD graphene samples as a function of transfer polymer. The bar chart compares the etha-
nol treatment impact on the electrical characteristics of transferred graphene (G) by PMMA, PC, and PS. Ethanol
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treated graphene (EG) samples have a tendency to exhibit higher mobility regardless of the polymer aid that is
used for transfer.

The results of the study demonstrated the difference of the polymer choice during the graphene
transfer and the importance of the ethanol treatment on the surface characterization and electrical
properties of graphene. Significant improvement to surface morphology of graphene on SiO, is observed
after the ethanol treatment. Besides the change in cleanness of the graphene surface, all devices that
had been treated with ethanol, regardless of choice of polymer aid, showed significant improvement in
carrier mobility. Raman characterization of the graphene samples showed noticeable blue-shifts in G
and 2D band which results suggest that the graphene samples are more p-doped after the ethanol

treatment.

6.4 Graphene Surface Tears

Even though, there is a considerable improvement to the mobility of the graphene after the film
has been subjected to the ethanol bath when comparing electronic properties of graphene transferred
by both PC and PS, graphene transferred by PMMA results in less tears of the graphene membrane as
seen on Figure 6.4(a). Figure 5.4(b) shows PC aid of graphene transfer which results in larger and less
frequent tears than those on the graphene transferred by PS ~ 40 slits per ~ 0.5 mm?” sample area). Gra-
phene transferred by PC exhibits approximately 25% less tears in addition to the absence of fractures
comparing to the film transferred with PS aid.

PS supported transfer leads to small but frequent tears (~ 53 slits per ~ 0.5 mm?* sample area) as
well as film laceration as there are few fractures observed on the surface (Figure 6.4(c)). Polymers made
from ethylene such as PMMA are much more elastic than the brittle polymers synthesized from styrene
such as PS. PC is still inelastic in comparison to the PMMA molecule. That is why the tears are more like-
ly to be induced on the surface of graphene during transfer due to the flexibility of corresponding ther-

moplastic polymer as discussed earlier with reference to Table 6.1.
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Figure 6.4 SEM images of CVD graphene on SiO, substrate that have been treated with ethanol. (a) Large scale gra-
phene film transferred via PMMA support showing no visible breaks or tears of graphene membrane. (b) Graphene
transferred by PC aid showing larger area tears (yellow errors) and no visible fractures or laceration of graphene
film. (c) Graphene transferred by PS support showing visible small but frequent tears (yellow errors) along with
partial laceration (turquoise errors) of the membrane going across the chain of slits.
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7 SUMMARY AND FUTURE WORK

The surface topography of bare- and etched- thermally treated copper foils have been examined
by optical microscopy, SEM, and STM. Cu foils were subjected to chemical pretreatment and pre-
annealing procedures with the intention of improving the quality of Cu film and providing better condi-
tions for graphene growth. The results showed that etching copper foils scars the surface and leaves be-
hind etch quarries and residue. The protocol that included pre-annealing of foils followed by the growth
process was expected to improve the quality of the foil surface, sequentially resulting in a better quality
of graphene. However, this procedure produced a crust layer on the foil that sometimes peeled off
along with graphene. The STM study indicated that the heat treated Cu surface includes large height
variations on the micrometer length scale. Yet, a layer of graphene on top of the Cu surface reduced its
apparent surface roughness. Optical micrograph of CVD graphene transferred onto a SiO, wafer displays
the imprinted surface texture of the Cu grain boundaries on the subsequently grown graphene layer.
This observation supports the notion that carbon atoms bind more readily at the Cu grain boundary dur-
ing the CVD growth.

The results of Chapter 6 demonstrated the difference in PMMA, PC, and PS thermoplastic poly-
mers during the graphene transfer and the importance of the ethanol treatment on the surface charac-
terization and electrical properties of graphene. Visible improvement to surface morphology of gra-
phene on SiO; is observed after the ethanol treatment. Besides the change in cleanness of the graphene
surface, all devices that had been treated with ethanol, regardless of choice of polymer aid, showed no-
ticeable improvement in carrier mobility. Raman characterization of the graphene samples showed evi-
dent blue-shifts in the G and 2D bands which suggest that the graphene samples are more p-doped after
the ethanol treatment. Even though, there is a distinct improvement to the electrical properties of gra-

phene after the film has been subjected to the ethanol treatment. Graphene transferred by both PC and
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PS showed visible tears along with partial laceration of the graphene membrane, unlike graphene trans-
ferred by PMMA, which results in less tears of the carbon film.

The future work will consist of the extension of graphene study. Magnetoresistance (MR)
measurements on CVD graphene will be performed at room temperature down to liquid helium tem-
peratures. Measurement results will be analyzed as a function of temperature variations, and the ex-
pected weak localization (WL) features will provide the information about the quality of the sample, as
WL is caused by the inter-valley scattering due to the presence of atomically sharp disorders which in
turn favors the appearance of WL at zero magnetic field. Given the existence of such structure, the de-
pendence of WL on magnetic field will be fitted by the McCann theory on WL [70], and extracted charac-
teristics length scales: phase coherence length, L, inter-valley scattering length, L;, and intra-valley
scattering length, L,, will be analyzed as a function of temperature and carrier density. We will also
study a dependence of various carrier temperatures as a function of a given current for devices of vari-

ous carrier density and mobility.
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APPENDICES

Appendix A: List of Abbreviations

AFM

BF

CvD

EF

EG

MR

oM

PC

PDMS

PMMA

PS

SEM

STM

UHV

WL

Atomic Force Microscope

Bare foil

Chemical Vapor Deposition
Etched foil

Ethanol treated graphene
Graphene transferred by PMMA, PC, and PS
Phase coherence length
Inter-valley scattering length
Intra-valley scattering length
Magnetoresistance

Optical Microscope
Polycarbonate
Polydimethylsiloxane
Poly(methyl methacrylate)
Polystyrene

Average Roughness

Scanning Electron Microscope
Scanning Tunneling Microscope
Ultra High Vacuum

Weak Localization
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Appendix B: Methods

Appendix B.1: Graphene Growth in Chapter 4

CVD synthesis of graphene samples were performed on 25 um thick copper foil using a horizon-
tal 1 inch quartz tube furnace system. All foil specimens came from the same roll. The method
involved the flow of methane and hydrogen/nitrogen gases. Under vacuum conditions with the
base pressure of 36 mTorr, the furnace is heated to 1025 °C with 10 sccm flow of H;N, reaching
200 mTorr H;N, pressure. Once the temperature reached 1025 °C, the flow of CH, is introduced
to the system. Both CH,; with 40 sccm and H,N, with 10 sccm are flowing during the growth pro-
cess at 1025 °C for 30 min (P ~ 500 mTorr). During the CVD growth, the furnace with the Cu foil
required a period of 30 min to reach the operating temperature of 1025 °C. During this period,
there was a steady flow of H,N, in the growth chamber. After heat treatment, the specimens

were cooled to room temperature over a period of two hours.

Appendix B.2: Graphene Growth in Chapter 6

Commercially available 25 pm Cu foils were used. All foil specimens came from the same roll.
The heat treatment of the foils was carried out in a mechanically pumped CVD system consisting
of 1" furnace with 1" o.d. quartz tube. The CVD system was supplied with high purity H2:N2
[10%:90%] and CH,. The growth process took 30 minutes at 1000 °C under H,N,:CH, [10 sccm :
65 sccm] with P=375 mTorr. Before CVD growth, the furnace with the Cu foil required a period
of 30 minutes to reach the operating temperature of 1000 °C. During this period, there was a
steady flow of H,N, in the growth chamber with P=216 mTorr. After the growth has been com-

pleted, the specimens were cooled to room temperature at a cooling rate of ~ 8 °C/min.
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Appendix B.3: Graphene Transfer in Chapter 4

PMMA transfer method was utilized as a supporting mechanical substrate. PMMA solution was
spin-coated onto the graphene/Cu substrate with 500 rpm for 3 seconds following by 4500 rpm
for 60 seconds and then back to 500 rpm for 5 seconds. The copper film was chemical etched
with Fe(NO;); (1M) solution, followed by thorough rinsing with deionized water. Silicon dioxide
served as a substrate of choice for the graphene/polymer system. The graphene/polymer sup-
port membrane was allowed to air-dry for the period of 24 hours on the SiO, substrate. Then,

the PMMA was soaked in acetone overnight and dried with nitrogen gas.

Appendix B.4: Graphene Transfer in Chapter 6

Poly(methyl methacrylate) (PMMA), polycarbonate (PC), and polystyrene (PS) transfer methods
were utilized as a supporting mechanical substrates. These polymer glass solutions were spin-
coated onto the graphene/Cu substrate with 500 rpm for 3 seconds following by 4500 rpm for
60 seconds and then back to 500 rpm for 5 seconds. The copper film was chemically etched with
FeCl; (0.34 M) solution, followed by thorough rinsing with deionized water. The SiO, served as a
substrate of choice for graphene/polymer membrane. The membrane was allowed to air-dry for
the period of 24 hours on the SiO, substrate. Then, the PMMA was soaked in acetone, PC - in di-
chloromethane, and PS - in toluene baths for 20 hours and dried with nitrogen gas. Chemical
treatment with ethanol for each graphene sample on SiO, substrate was performed for 20

hours.

Appendix B.5: Sample Fabrication Technique in Chapter 6
Graphene sheet deposition onto SiO, substrate was performed using the support of the pro-
posed thermoplastic polymers after the etching process of Cu foil in FeCl; solution has been

completed. Fabrication of Hall bars was done by the photo-lithography, using the oxygen plasma
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treatment for graphene Hall bar development. Ethanol treated devices were submerged in eth-

anol bath for 20 hours prior to the measurement performance.

Appendix B.6: Optical Technology Classifications in Chapter 4

Optical images were taken with Metallographic microscope, XJP-H100 series. SEM characteriza-
tion was performed using Cambridge Instruments, Stereoscan 360 with a substrate at room
temperature with chamber vacuum at 8.5x10°® Torr and column vacuum at 1.1x10” Torr. STM
classification was done using Ultra High Vacuum (UHV) RHK chamber with a substrate at room

temperature with chamber vacuum at 1x107 Torr.

Appendix B.7: Optical Technology Classifications in Chapter 6

SEM characterization was performed using Cambridge Instruments, Stereoscan 360 with a sub-
strate at room temperature with chamber vacuum at 8.5x10° Torr and column vacuum at
1.1x10” Torr. Raman spectra were attained on CVD graphene on SiO, substrate transferred by
various polymer glass support methods. The measurements are performed at room tempera-
ture with a LabRAM HR spectrometer at 532 nm wavelength laser excitation, with scan area of 1

um in diameter. A 50x objective is used.





