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ABSTRACT

In this work, synthesis of combinatorial library of CuxNii-x (copper nickel)
alloy thin films via co-sputtering from Cu (copper) and Ni (nickel) targets as
catalysts for chemical vapor deposition (CVD) growth of graphene is reported.
The gradient alloy morphology, composition and microstructure were
characterized via scanning electron microscopy (SEM), energy dispersive x-ray
spectroscopy (EDS), and x-ray diffraction (XRD), respectively. Subsequently, the
CuxNi1-x alloy thin films were used to grow graphene in a CHa-Ar-Hz (methane-
argon-hydrogen) ambient in thermal CVD tube furnace. The underlying rationale
is to adjust the CuxNii-x alloy carbon solubility at a fixed temperature (~1000 °C)
to control the graphene layer number as the solubility limit of carbon in Cu is
approximately 75 +/- 0.5 ppm and C in Ni is 1.3 at.%.

The energy dispersive x-ray spectroscopy (EDS) analysis revealed that a
continuous gradient of CuxNiix (25.29%<x<82.57%) was achieved across the
100 mm diameter substrate (~0.86%/mm composition gradient) for a film
thickness of ~2 um. High-resolution SEM imaging revealed the as-deposited
grain size enlarged with increasing x and the grain shapes changed from
disordered nodular structures to uniform spheres. The XRD spectra confirmed a
solid solution was realized and the face centered cubic lattice constant varied
from ~3.52 to 3.58 A, consistent with the measured composition gradient,
assuming a Vegard’s relationship. Optical microscopy and Raman analysis of the
graphene layers suggest single layer growth occurs with x>68.95%, bilayer
growth dominates from 47.56%<x<68.95%, and multilayer (>=3) growth occurs
for x<47.56%. Thus, we have overviewed the Raman analysis of the CVD grown
graphene layers.

Finally, we show large area bi-layer graphene can be grown via the thin film
catalyst with optimized catalyst composition.
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction to graphene and it’s synthesis

Graphene is a distinctive material comprising of few graphitic layer sp?
covalently bonded 2D carbon allotropes known for its excellent properties of
transport (electrical and thermal energy), carrier mobility, high charge carrier
density, mechanical robustness and optical behavior. It has found wide
applications as electronic and photonic materials [1, 2]. A single layer of graphite
forms the fundamental unit of most carbon nanostructures in a hexagonal
“‘honeycomb” lattice. In a 3-dimensional crystal structure of bulk graphite, the
layers are held together by van der Waals force along out of plane axis and
covalent bonded in hexagonal form for in-plane lattice atoms [1-7].

The varying arrangements of single layer of graphite into various structures can
be classified based on their 0-D, 1-D and 2-D types, which are referred in the
literature as fullerene (sphere), carbon nanotube (graphitic-layer turned up with
respect to its central axis) and graphene (stack of few layers). If the number of
graphene layers are in-between 5 to 10, the stack is described as “few-layer”
graphene and for layers less than 30 but greater than 20, the stack is termed as
multi-layer graphene (nanocrystalline) (Figs. 1.1, 1.2) [1-7].

At the junctions of Brillouin zone, the & and ©* bands converge to a singular
position in the Fermi level (Er), which contribute to the partial-metallic property of
very crystalline graphene [8]. Under the application of perpendicular magnetic
field to basal plane of graphene, quantization (Landau-level) of energy is
observed. This property along with similarity to Dirac spectrum of massless
fermions makes graphene a very special material for exploration to the scientists
[1, 2]. The meeting of parabolic bands at K and K’ points of Brillouin zone in
bilayer graphene along with very small band overlap (~0.0016 eV) at greater
energies makes it a special semiconducting material [9]. The properties of
graphene can be regulated as per the number of graphitic layers. For example,
~97% optical transmission with ~2.2 kQ/sq. layer resistance has been reported
for graphene with single layer. As the no. of layers enlarge, the transmission and
sheet resistance has been found to diminish. Accordingly, a transmission value
of ~95%, ~92% and ~89% and sheet resistance of 1 kQ/sq., ~700 kQ/sq., and
400 kQ/sq. respectively has been reported for bilayer, tri-layer and 4-layer
graphene structures [10]. Graphene is a perfect material for field-effect
transistors (FETS) because of their charge carrier mobility of ~15,000 cm?/Vs and
resistivity of ~10 ohm-cm [7]. Thus, they find good usage in sensors, integrated
circuits, electrode material, channel in FET, light emitting diodes, sensors on
touch/liquid crystal displays technology because it’s optically visible and has
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(b)

Fig. 1.1 (a) Diamond crystal lattice-sp® hybridized (b) Graphite-sp? hybridized [1,
2]

Fig. 1.2 (a) Corannulene structure (b) Buckminsterfullerene Ceo (c) Single-walled
carbon nanotube (SWCNTSs) (d) Multiwalled carbon nanotube (MWCNTS) [1, 2]
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good electrical conductivity [1, 2]. To make the aforesaid properties available for
use, synthesis of mono layer of graphene on a matching substrate material would
help in tailoring an effective bandgap for the semiconducting device [7]. Chemical
vapor deposition (CVD), surface graphitization (thermal) on SiC, reduction of
graphite oxide, breaking bulk graphite crystal into mono- and few-layers are
some common methods for growth of graphene layers. Synthesis of large single-
crystalline domains and continuous films of electronic-grade graphene prepared
by CVD has evolved as an emergent technique [1-7, 11].

CVD growth of graphene can be regulated by employing transition metal
catalysts because they provide advantages such as lower stimulation energy for
separation of the precursor, graphene nucleation, evolution of the domains and
their amalgamation. As conditions necessary for suitable graphene synthesis are
widely varying and due to lack of comprehensive knowledge about this process,
the selection of appropriate catalyst is difficult. The underlying fundamental
principles (assumptions) relating to graphene CVD process are relatively easy to
understand although the method for graphene growth appears to be complicated
and comprising of use of varying types of catalysts, carbonaceous precursors,
and other variables [1-7]. The underlying growth mechanism for CVD graphene
can be expected to include dehydrogenation reaction of gaseous source of
carbon precursor (CHa), diffusion of molecules (substrate), dissolution in CuxNi1-x
alloy solid solution and precipitation of carbon atoms (supersaturation) at defect
locations such as grain boundaries on surface (equilibrium graphene growth)
upon cooling due to reduced solubility at low temperatures [12].

1.2  Copper (Cu) catalyst

Graphene has become a useful material for research exploration in
electronics and spintronics due to its exceptional properties [5-7, 13, 14]. By
employing Cu foil, CVD growth of graphene in reduced pressure conditions can
be observed to provide with uniform monolayers. The methods for accurately
regulating the number of graphene layers [15-17], structural order, boundary
shape and identical three-dimensional alignment is necessary. For the synthesis
of high-level and good-quality graphene layers, CVD has proven to be an
effective method, which is a straightforward process even though it incorporates
catalysts of varying types, resources for carbon, and other parameters.

Based on solubility carbon (C) atoms in catalyst material, there are two chemical
reactions favored during the growth process. If the solubility is low, for example,
C dissolution in C, then surface catalytic reactions [19, 20] are favored. However,
for metals such as Ni, which show higher solubility of C, precipitation of C atoms
from the bulk on surface during cooling [21, 22] process is favored. The
temperature of growth for graphene layers by grain segregation from liquid
solution of Cu and C upon cooling is based on Cu-C phase diagram (Fig. 1.3)
[18]. By adjusting the growth ratio of graphene, hexagonal graphene flakes

3
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(HGFs) of single-crystalline type can be developed with meandering boundaries
at normal environmental pressure. The fundamental unit of continuous graphene
films is HGF. The gas flow ratio of Ar to Hz is an important variable which strongly
contributes to the regulation of thickness of graphene (number of layers) [5].
Transformation from mixed single/multilayer to single layer based HGFs can be
performed by enhancing this ratio [5].

One of the essential steps of the CVD process is surface and bulk catalytic
reactions during the cooling process, which involves the nucleation of graphene
on a catalyst surface and is further dependent upon parameters such as kind or
surface microstructure of catalyst [23, 24], supply of carbon [25], precipitation of
carbon from liquid metal-carbon solution [26], record of synthesis, and process
variables in CVD synthesis [27-30]. One of the challenges typically observed
during synthesis of graphene by CVD process is enhanced dispersion
(scattering) of the nucleus (concentration) of Cu & Ni grains from their substrates
and subsequent size distribution of graphene domains resulting from this
inconsistent nucleation concentration of Cu and Ni grains. Convenient method for
producing coherent single-layer graphene films includes low-pressure CVD
synthesis of graphene on Cu foil [20].

As per recent report in literature [5], edges of grains oriented in different
crystallographic directions of both high-angle and low-angle characteristics
severely deteriorate the transport properties (electron, heat) of thin graphene
films [31-37]. These boundaries arise by amalgamating small islands of graphene
which are randomly oriented and have haphazard shapes leading to creation of
bigger islands which are found to be comprising of pentagonal and heptagonal
geometries [31-37]. The edges of anisotropic crystal lattice consisting of grains
oriented in varying directions are typically points of high thermodynamic energy
(surface), which provide impetus to nucleation and growth of HGFs at these
highly dynamic locations (non-uniformly dispersed). HGF of dimensions to order
of 1-10 um along oblique path can be ascribed to elevated concentration of
graphene source sites and the reduced speed of development of HGFs.
Homogeneous, monolayer, self-assembled HGFs (single region) with enhanced
dimensions can be obtained by regulation of nucleation method in graphene CVD
systems typically achieved by employing liquid Cu as the solution would be
identical (no grain boundary) as observed in solid Cu [5]. For example, HGFs
with uniform distribution developed on base substrate made of quartz and W with
liquid Cu spheres can be demonstrated by aid of scanning electron microscopy
(SEM) (Fig. 1.4).

A sizeable intensity ratio l2n/lc of approximately 2.5-4, full width half maximum
(FWHM) of 35-40 cm™ and symmetric 2d peaks positioned at 2698 cm from
Raman spectroscopy analysis demonstrates features of monolayer graphene
type [5]. Furthermore, as per SEM analysis, the latter characteristic property is
coherent with the findings from Raman analysis. Predominantly, production of
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Fig. 1.4 HGFs developed on Cu spheres/quartz substrate (a) uniformly arranged,
self-ordered HGFs grown on top of Cu balls at 1080 °C at 10 sccm CH4/300
sccm Hz in 20 mins. as illustrated by SEM image, (b) enlarged SEM image
respectively, (c) demonstration of HGFs of single-layer on Cu spheres, (d)

Raman spectra showing HGFs of single-layer type [5]



monolayer graphene domains is reported [5] with very small no. of bilayer and
trilayer regions.

Structures with good spread of HGFs obtained on spherical surface of Cu is
reported [5]. An observation of the energetic variations in the concentration and
dimension of HGFs on Cu spheres was performed during this study. An evenly
distributed layout of the HGFs on Cu spheres was obtained with a typical
dimension of HGFs detected as roughly 5 um and as the time-period for
development of graphene was enlarged, the mean gap between HGFs was
detected to be diminishing. As demonstrated (Fig. 1.4), the nucleation and
mechanism of growth of HGFs on liquid Cu as reported in this study are coherent
with the case for growing graphene on solid Cu [5]. Growth of HGFs on Cu
spheres is consistent with latter [5].

As demonstrated, HGFs not completely encompassing the surface had no
properly defined arrangement link amongst them, and generally, they were found
to be nicely distributed [5]. A structure arranged with crystals oriented in varying
directions is demonstrated as HGFs concentration on the external Cu surface
improved. Thus, HGFs became more self-supported with their orderly
arrangement. Additionally, grain boundaries with low-angles were produced due
to the edge-to-edge alignment of neighboring HGFs. When the HGFs had an
analogous extent, an ideal arrangement of 2D lattice formations of HGFs was
demonstrated (Fig. 1.5). An orderly orientation of HGFs can be ascribed to the
decrease in total surface/edge energy of HGFs, and the self-alignment of well-
arranged constructs of HGFs resulted from the transformation or revolution of
HGFs on the exterior of Cu in fluid-state [5]. The continued nucleation and
synthesis of HGFs in CVD system leads to development of highly segregated
HGFs to closely filled formations and ultimately to constant thin film. As the
growth time was significantly increased (40 minutes), uniform monolayer
graphene films were obtained, and 1-4 hours produced even better & consistent
monolayer films.

Graphene films coherent in nature with large regions resulting from a growth time
of about 2 hours are illustrated by the SEM examination [5]. Vanishing of the
orderly arrangement and boundaries of HGFs occurred for such films, and the
films emerged to be similar to those developed at low pressure. Monolayer
nature of graphene films was concluded from the Raman spectroscopy analysis
performed at various locations on the film surface. This was matching with the
analysis from optical and SEM examinations [4, 5].

The nucleation concentration and growth rate defined the typical size of
individual HGFs [4, 5]. A normal size of HGF ~20-30 pum is demonstrated.
Additionally, as the temperature of synthesis is enhanced, mean dimensions of
HGFs improved to roughly 50 pum, and size of about 120 um is obtained when
the CHa flow rates were decreased. Thus, reduced sites of carbon precipitation
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Fig. 1.5 HGFs growth on W substrates with Cu film, liquid state (a) CVD growth
process for development of HGFs on exterior of fluidic Cu, (b) incompletely
coated and uniformly-distributed HGFs by employing 6 sccm H2 at 1120 °C
for 30 mins shown by SEM image, (c) HGFs and Cu surface represented by
the dark and bright regions as densely packed in the SEM image, (d) Equal-

sized HGFs showing near-perfect 2d lattice in SEM image, (e) Coherent
graphene film grown under 2 hours process time with even contrast,
(f & g) analysis of average dimensions of HGFs (bigger in size) show
measurements as 50 um at 1140 °C and 120 um at 1160 °C [5]



and growth of HGFs in liquid Cu CVD can be ascribed to this greater size [4, 5].
The mean rate of development of HGFs on solid Cu surface is analyzed to be as
0.1-0.2 pm/min is reported to be comparatively much less to that of calculated
production rate of 10-50 um/min for the synthesis of HGFs on relatively horizontal
Cu/W surface.

Furthermore, this has significance in providing an efficient method by using liquid
Cu surface for synthesis of graphene without any loss of its peculiar structure,
and thus, leading to the conclusion that macro-sized HGFs can be obtained [4,
5]. The slower growth rate would not yield such structures. The synthesis of
HGFs on liquid and solid Cu surfaces have significant divergences. A blend of
several and mono- layered HGFs, reduced dimensions, heterogeneous
distribution of atoms across lattice (arbitrary arrangement) is seen for graphene
growth on solid Cu surfaces. Whereas the graphene growth on liquid Cu surface
produces HGFs with greater dimensions, mono-layer features, uniform
arrangement of atoms, and a transparent (consistent distribution) connection
amongst varying HGFs [4, 5]. Additionally, the surface characteristics of solid and
liquid Cu linked well with these aforesaid respective variations in structural
arrangements. Greater size (reduced nucleation concentration) with consistent
nucleation on the surface stemming from graphene growth on liquid Cu surface
can be related to removal of grain boundary effect as related to growth on solid
Cu. Uniformly structured HGFs is shown by the evenly distributed development
of C atoms precipitated on surface in form of crystallites of HGF with boundaries
along varying crystallographic orientations. However, the solid Cu matrix having
varying properties along different crystallographic directions led to development
of HGFs which is typically uniformly arranged instead of domains with similar
angles [4, 5].

The bigger size of HGFs is ascribed to the rapid evolution of HGFs resulting from
larger C atom dispersion rate offered by liquid Cu surface [4, 5]. Additionally, a
dense well-arranged structure is obtained from the self-assembly of drifting HGFs
on liquid Cu surface. However, for solid Cu surfaces, such arrangement of HGFs
is challenging due to the shaky nature of the configuration produced from layer-
by-layer growth. Substantial quantities of multilayer HGFs resulting from
analogous experimental environments for synthesizing HGFs on solid Cu is
demonstrated by SEM analysis as a central dark region. The growth of single-
layer HGFs is outstanding. Furthermore, it is contemplated that the eradication of
nucleation vacancies avoiding the development of a second layer on same
nucleus occurs due high-level movement of Cu atoms in the liquid state. The
effect of liquid Cu phase is demonstrated by further analysis [4, 5].

Raman spectroscopy measurements and analysis of the arrangement of atoms
across varying crystallographic directions were accomplished by employing poly
methyl methacrylate (PMMA) or polysulfone (PSF) for shifting HGFs onto 300 nm
SiO2/Si substrate and chips for analysis by the transmission electron microscopy
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(TEM) (Fig. 1.6). Mono-layer nature of the HGFs was demonstrated by the curve-
form and its peak location, and fraction of Raman strength of 2D and G crests.
SAED images were taken at varying locations of twelve different HGFs of varying
size showing single-crystalline nature by six-fold symmetric order of diffraction
spots. Diffraction experiments show HGFs with single crystalline behavior and
results from electrical characterization (current, I-voltage vs V curves) reveal
straight I-V curves (Fig. 1.7).

The development of carbon atoms precipitated on catalyst surface into graphene
grains in thermal CVD systems can be regulated by employing liquid Cu, and
additionally, it provides constant monolayer films of HGFs which demonstrate
similar one-layer, self-assembling, greater dimensions, and distinct islands.
Layers with thickness to the order of two and three planes of graphene atoms
stacked together were produced comparatively less than that of single plane of
graphene atoms [2].

1.3  Nickel (Ni) catalyst

A tunable surface growth reaction (constraining nature) of graphene
occurs due to the reduced solubility of carbon in copper lattice [21, 38]. However,
carbon re-separation and development of multi-layer graphene upon reducing
temperature [39, 40] can occur for materials containing Ni, where C can disperse
in the bulk around ~900 °C, as shown by the Ni-C phase diagram (Fig. 1.8) [26].
The evolution of graphene on Cu appears at temperature close to its melting
temperature, which leads to direct conversion from solid to gaseous state and
coarsening of the surface during the synthesis [41]. The development of
numerous areas of graphene with varying directions [42, 43] of crystal growth
and distorted domain borders is attributed to the shaky interface amongst
graphene and copper, which is inevitable on single crystalline copper substrates.

If the development of multilayer graphene can be precluded by using Ni as a
substrate material, then latter would be beneficial for usage over Cu as a catalyst
material. Additionally, Ni (111) [26, 38, 39, 44] is known as a metal for its better
interface and lattice matching with the graphene [22, 43]. Graphene developed
on single crystalline Ni is known to possess single crystalline graphene-domains
[26, 46, 47].

Due to merging of graphene domains into a film, there is no existence of tilt-grain
boundaries. Large islands of graphene (~10x pm?) can be developed efficiently
by synthesis mechanism occurring on surface at comparatively diminished
temperatures of growth (~550 °C), which was reported from the imaging of Low
Energy Electron Microscope (LEEM). Consequently, self-ending monolayer can
be developed for Cu. By employing ethylene (C2H4) as input source of carbon
molecules at pressure of 10 T, synthesis of graphene layers under “ultrahigh
vacuum” (UHV) ‘chemical vapor deposition’ (CVD) can be obtained. Auger
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Fig. 1.7 HGFs electrical characterization, (a) SEM image showing 30 nm upper
and base electrodes representing device with two stations for specific HGFs, (b)
measurement of electrical properties of resistance and resistivity of the device as

87 Q and 650 Q2-m respectively, (c) HGFs 2D resistivity vs. graphene thickness

for several devices, (d) saturation current density (Is) vs HGF width graph for
several devices, |-V curve shown in the inset [5]
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electron spectroscopy (AES) was applied for observing the development of
graphene films on Ni (111) with help of a mirror analyzer in tubular shape with
double pass filters in two distinct UHV systems [26, 38, 39].

The thermal strength of single layers of graphene on Ni (111) was measured
from LEEM analysis. A failure of findings with earlier conclusions drawn from
electron spectroscopy results are evident at temperatures above 650 °C [43, 46,
47]. Subsequently, a threshold value of temperature for graphene synthesis can
be related to this temperature providing a balanced graphene growth (Fig. 1.9).

A surface carbide phase is created at lower temperatures (<400 °C), which is
found to be steady at temperature up to ~480 °C as per AES analysis [26, 38].
The nucleation and development of graphene is inhibited by presence of carbide
phase. Consequently, growth at heats of 500 °C, 550 °C and 600 °C were
carefully chosen for this study, which are situated in between phase strength
boundaries of the surface-carbide and graphene [26, 38].

At distinct ethylene introductions around 500 °C, LEEM pictures and AES plots of
exterior of top layer are reported (Fig. 1.10). Conversion of fresh Ni (111) surface
into varying surface forms for 5-100L disclosures are demonstrated by LEEM.
Characterization of this form as well-structured single-layer carbide on surface
can be interpreted from the AES measurements. On enhancing the ethylene
coverage to 760 L, a first graphene nucleation was demonstrated.

The development of graphene islands at 500 °C takes place at a preliminary level
of ~ 5.5 mm/s. No segregation amongst developing graphene grain and Ni2C
segment can be observed from the LEEM movies. Thus, in accordance with
results from scanning tunneling microscopy (STM) [26, 38], it's feasible that
development of graphene occurs by obvious transformation of the carbide.

The forces acting on the surface are varying at 550 °C. Development of properly
labeled carbide signal is not reported in AES [26]. It can be deduced that
development of only remote carbide domains or disordered carbide layer
occurred based on lower Ckvv signal received. Formation of new graphene
phase takes place at 600 L. The growth rate of graphene at 550 °C is ~35 nm/s,
which is comparatively much higher than that for growth of graphene at 500 °C
[26, 38]. Additionally, at the growing graphene head, a region with a width of
about 3-4 um is detected, which is deficient in carbon and coherent with the
carbon density drop encircling the varying regions of graphene.

As per this examination, the growth of graphene takes place in a manner
analogous to other transition metals by supplementing of carbon to the free
surface of graphene [26]. Thus, graphene doesn’t touch explicitly with carbon-
heavy (carbide) phase at this temperature. Furthermore, the evolution of
graphene is dictated by dispersion of atoms on surface and not through carbon
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Fig. 1.9 Thermal steadiness of graphene single layer on Ni (111). (a) At 650 °C,

Ni (111) surface nearly coated by film of graphene layers (Ni substrate shown by

dark regions), (b) Graphene sheet starting to dissolve at higher temperatures of
~655 °C [26]
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Fig. 1.10 (left) Development of the Ni (111) surface subjected to ethylene at 10-°
T, 500 °C, (a) atomic steps on the surface shown by bright lines. Abrasive
surface carbide formation on complete surface by introduction of 16 L ethylene,
(b) improved microstructure shown by improved disclosure, (c) nucleation of
graphene and irregular growth under higher disclosure, (d) carbide and graphene
phases as detected by AES, (e) AES plots of phases of pure-carbide and pure-
graphene (~400L exposure) lay over together, (right) surface crystal order shown
by LEEM images at 550 °C [26]
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re-separation in the volume. The rate of evolution of graphene grains reduces
when two grains approach each other demonstrates that dispersion of carbon
atoms on surface is a limiting mechanism for development of graphene. As per
amount of spatial region accessible for carbon to grow by breaking down
(removal of hydrogen) of ethylene, the speed of development of graphene layers
will vary [26, 38].

Generation of empty regions between the graphene grains can be attributed to
lower speed of growth, which requires greater time to be occupied. LEEM
analysis illustrates these disparities. Diameter of average grain of graphene is
revealed to be at an order of ~40 um. The improvement of temperature greater
than 600 °C leads to further deviations such as (i) AES showing fewer carbide
formation and graphene provides a leading indication of substantial carbon, (ii)
ethylene interaction enhanced by 4 times required by graphene nucleation, (iii)
discarded region developed near the graphene boundary is 3-4 times broader,
which is about 10-15 pm, (iv) 1/7 times rate of development of graphene
compared to that at 550 °C ~4.8 nm/s. Thus, at a temperature of ~550 °C, the
development of graphene on Ni surface is one of the quickest methods and
comparatively slower at enhanced or decreased temperatures. The upper limit in
the evolution speed can be described by some common factors. The contest
amongst the mechanisms of dispersion of carbon on the exterior surface towards
the head for graphene development and the decrease in carbon on surface by
spreading into the volume of material provides the reasoning for reducing rate of
development at elevated temperature [26, 38, 39]. The expression relating the
energy for stimulating the surface and bulk dispersion of carbon atoms under
thermally initiated environment is exponentially related and given by exp (Es-
Ew/kT). The parameter for this relationship is presumed to be identical.
Furthermore, a reduced disintegration and attaching of ethylene include some of
the variables which provides a reducing speed for development of graphene
films. For similar surfaces, the solid reliance of variation in sticking coefficient to
temperature values is implausible. However, the development of carbide on
surface can occur at reduced temperatures of around 500 °C, where this
relationship dependence is observed to be deviating [42, 43, 46].

In contrast to pure Ni, carbides are anticipated to have a lower acuteness
towards ethylene. The growth of stimulated carbon may diminish with swift
evolution of complete monolayer. The existence of surface carbide [47] can be
attributed as one of the reasons for modification in evolution method leading to a
reduction of speed of development at ~500 °C. The growth approach involving
connection of carbon or group of carbon atoms to the open ends of regions [49,
50] of graphene is the governing mechanism for evolution of graphene on Ni
surface around ~500 and 600 °C. If the temperature of evolution can be altered
to lower than graphene phase-durability temperature of ~650 °C, a self-regulating

15



development of graphene can be received on Ni substrates, as per in-situ
microscopy measurements of graphene CVD evolution on Ni (111) [26].

As inferred from the experimental results, 550 °C is an ideal temperature for
graphene development, which can be based on the interaction between growth
of surface carbide, resulting in a diminishing growth of graphene thin film with
good quality at temperatures lower than the 500 °C (low), and suspension of
carbon into the bulk, which confines the evolution of graphene at temperatures
above 600 °C (high) [26, 38, 39], [42, 43, 46, 47].

1.4  Cu-Ni alloy catalyst

As discussed, graphene has found widespread applications due to it’s
intriguing properties [50, 67-69] resulting from single layer of carbon atoms
connected together as per sp2 hybridization resulting in arrangement of carbon
atoms with “honeycomb” symmetry. As per the Mermin Wagner theorem, before
discovery of removal of single-layer of atoms from graphite [54], there is no
known material of single-atomic thickness to survive thermodynamically stable
state [55].

The finding of graphene has led to interests in exploring other 2-D materials [54].
Bottom-up growth method (CVD) helps in growing long graphene films [57],
whereas mono- and multi-layer graphene sheets can be developed by top-down
approach [58] in large quantities. Broad-range of properties of graphene make it
useful in varying fields of aerospace, biotechnology, energy, thermal
management, etc. [59-61].

Robust flexibility [62, 63], optically clear/visible which allows for electromagnetic
radiation (from visible spectrum) to transmit/pass through material [64] and
structural resilience [65] make it very beneficial in electronics and photonics
applications.

The benefits of cheap, high production and less complexity [66] make the CVD
method an ideal process for producing high-domain graphene films with less
defects. The breakdown of hydrocarbons during the CVD method helps in
evolution of the graphene film at high temperatures by use of catalysts, for
example, Cu [67], Ni, Pt, Ga, NiAl204 and others.

The growth of graphene on polycrystalline Ni or Cu foils is well reported in
literature, however, the issues relating to absence of manipulation in the amount
of graphene layers has led to extra obstacles in its usage for electronics. After
thermal annealing step in CVD furnace, the reduction of temperature leads to
precipitation of carbon atoms from bulk Ni film on catalyst surface, which
regulates thickness of graphene film.
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The kinetically self-constraining buildup is the underlying mechanism for growth
of mono-layer graphene on top of Cu substrate. The regulation of total amount of
layers, coherency and shape of graphene films can be performed by employing a
CuxNi1-x alloy catalyst [69, 70]. Recently, the synthesis of graphene with
appropriate thickness at varying range of temperature on substrate of Ni/Cu alloy
on Cu foil was termed as “smart Janus”.

By supplying CH4 on a base substrate with CussNiis alloy catalyst, a single-
crystal monolayer of graphene ~1.5 inch large was obtained. Although graphene
films were obtained, the function of response-time and ratio of CuxNiix alloy
during the CVD process, and their regulation of the graphene film thickness is not
well understood.

A study of change in composition of CuxNii-x alloy on the number of layers of
graphene by thermal CVD process has been recently demonstrated [50].
Additionally, layers of varying thickness ratios of CuNi ratio were grown on
substrate for synthesis of graphene in place of a film with a constant CuNi ratio.
The inter-dispersion of Cu/Ni layers (heterostructure of Cu/Ni/SiO2/Si) and the
loss of Cu at elevated temperature would lead to substantial transformation in the
composition of catalyst over the substrate in course of CVD growth.

Analysis of the surface morphology and number of graphene layers on CuNi
bilayer catalyst as a variable of the period for response is discussed. A small
sputtering system (ion) was used for growth of Ni film on Si/SiO2 chip followed by
Cu film encompassing on Ni layer by thermal evaporation process to finally
obtain and develop alloy catalyst films. A continuous depth of CuNi catalyst layer
of 450 nm was maintained by measuring the growth rate of Ni and Cu layers.
CuNi films with varying thickness ratios of 3:1, 1:1 and 1:3 were grown. For
example, a 3:1 ratio implies film comprises of Cu ~337.5 nm and Ni ~112.5 nm in
dimensions.

Graphene film was developed using thermal CVD system (Fig. 1.11) [50].
Cylindrically shaped furnace was employed and chip with Cu/Ni/SiO2/Si films
were input as sample into system, then heated for about 25 minutes at 750 °C
with flow of H2/Ar gas (215/400 sccm, pressure: 250 Torr) into the system, which
was followed by heating of the system to 900 °C with combination of CHa/H2
(75/15 sccm, pressure: 1.5 Torr) for graphene synthesis. Temperature of furnace
system was lowered to room temperature after 5-15 minutes at rate of 20 °C/min.

Raman spectroscopy with electromagnetic (EM) radiation at wavelength of 532
nm and scanning electron microscopy (SEM) in the field emission mode was
performed on the samples. Energy dispersive spectrometry (EDS) was used for
measurement of the composition of CuNi bilayer after CVD growth. The
development of graphene layers on CuNi bilayer catalyst by thermal CVD system
is demonstrated [50].
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Fig. 1.11 CVD (heat-based) process for development of graphene by using CuNi
catalyst (two films), [50]
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Multi-layered thin films of Cu/Ni/SiO2/Si with a constant overall depth of 450 nm
of CuNi bilayer was obtained by deposition of Ni layer on SiO2 (300 nm)/Si chip
and thermal evaporation of Cu film on top of the Ni layer. The native oxide was
reduced over the surface of metal catalyst film by annealing samples at 750 °C,
which was subsequently followed by heating the system to 900 °C for
development of graphene with various reaction time. Since the drive for
disintegration of CHa4 is greater due to support of Cu catalyst resulting from the
very minimal solubility between Cu and carbon, graphene reacts with Cu at a
temperature varying from 950-1000 °C, and that for Ni at a comparatively lower
values (>850 °C) during a CVD process. An equilibrium between smaller
temperature for synthesis (~900 °C) and quality of graphene is achieved by
introduction of Ni with Cu as a dual catalyst. In CVD graphene growth, the Cu
film can evaporate due to weak wettability of Cu film on SiO2/Si substrate.
Consequently, an intermediate Ni film at the intersection of Cu and the base chip
can be advantageous to the thermal strength of the catalyst films [50].

Deposition of Ni, CuNi bilayer and synthesis of graphene is demonstrated (Fig.
1.12). Post CVD, a shift in the shade of samples from gray (Ni) to bronze (CuNi)
to light gray (CuNi alloy) is detected. Analysis of Raman spectroscopy of
graphene films grown on varying CuNi alloy compositions are discussed along
with the reaction time (Fig. 1.12). The measurement of peak height and FWHM is
done by applying a Gaussian fit to the spectra. A demonstration of the original
and Gaussian fitted plots is reported [50]. Cu of 337.5 nm and Ni of 112.5 nm
thickness is implied from Cu/Ni ratio of 3:1. Thickness ratio of CuNi alloy can be
assumed to be identical to the weight percent (eg. 3:1=75 wt.% Cu) because Cu
and Ni have nearly matching density values of 8.92 and 8.90 gcm-3,

The characteristic Raman peaks for graphene: stretching-vibration mode of sp?
sites at 1579-1588 cm (G-band), for example the C=C bonds in fragrant
mixtures, and double resonance processes relating to the 2D-peak formed at
2688-2699 cm are demonstrated (Fig. 1.12) [50, 67-69]. The thickness
calculation of CVD grown graphene thin film is approximated from the l2n/lc
fractional value from Raman spectra relating to the amount of C-C atom (“sp2
hybridization”) cluster formation in graphene and information from the FWHM of
2D-band. For a sample with 5 minutes of growth of graphene, the D-band small
peaks are observed at 1350 cm™. The extent of deviation from crystalline
structure of graphene is shown by the D-band which is ascribed to the bond-
angle deficiency from the development of sp® hybridized network. Growth of
graphene with good-quality on Cu-Ni bilayer catalyst system is demonstrated by
the lack of D-band in Raman spectra plot. The calculated values of FWHM and
l2n/lG ratios of 2D-band from Raman spectra are discussed [50, 67-69].

A normal change in the values of I2o/lc ratios and 2D-band FWHM for varying

samples developed with distinct Cu-Ni compositions and various time for

synthesis was observed. As the period of development was enhanced from 5 to
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Fig. 1.12 (a) Developed catalyst and CVD synthesis on chips illustrated; Cu-Ni
dual films (at.%) in ratio of (b) 3:1, (c) 1:1 and (d) 1:3 at varying periods of
synthesis analyzed by Raman spectroscopy [50]
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15 minutes, the l2o/lc fractional magnitude of graphene films improved from 1.18
to 1.97 for higher Cu at.% catalyst (Cu/Ni=3:1). Furthermore, a constant mono-
layer graphene was progressively developed from nanocrystalline areas is shown
by vanishing D-band in the Raman spectra. Mono-layer graphene formation can
be attributed to the thin 2-D band for FWHM varying in 43.4 to 27.9 (Fig. 1.13d).
Furthermore, for Cu-Ni catalyst system with 1:1 composition, it was observed that
the I2o/lG ratio reduced from 1.96 to 1.13, and the FWHM improved from 35.1 to
52, when the time is enhanced [50, 67-69]. The number of graphene layers
yielded with Cu/Ni=1:1 is considerably dependent on the time of response.
During the initial stage of 5 mins., monolayer graphene can be formed and for
greater periods of time (15 mins.), bilayer graphene growth takes place. The
synthesis of graphene layers typically initiates as two layers for a catalyst thin-
film dominant in Ni at.% (Cu/Ni=1:3), and then as the chemical reaction
progresses further, graphene thin film develops into few layers [50, 67-69].

As per Raman measurements (symmetrical 2-D band), the depth of sample after
a growth period of 15 mins does not go beyond to that of 5 layers of graphene.
Additionally, by manipulating the at.% of Cu and Ni in binary alloy system, and
varying the time for development of layers, one can grow monolayer-, two layer
and multi-layer graphene thin films [50, 67-69]. EDS was employed for
determination of the Cu-Ni compositions during CVD process for understanding
the principle of development for varying amounts of graphene layers with bilayer
catalysts (Fig. 1.14). Ni crystalline lattice (grown as film initially) intermixes with
Cu crystalline lattice (also grown as film initially) to develop a new mixture, where
both the phases (crystalline solids) co-exist together as a new solid solution
around temperature of 750-900°C. Post reaction for 5 and 15 mins around 900
°C, the composition of surface catalyst of thin films was estimated to be around
71.9 and 75.4 wt.% Cu respectively at the Cu-rich side. Self-regulating method is
the underlying phenomenon for evolution of graphene monolayer when the
system consists of Cu majorly, however, when Ni is present predominantly in the
system (Cu: 20.5-24.3 wt.%), phase segregation method controls the synthesis
of few-layer graphene [50, 67-69].

The change in phase of Cu from solid to liquid starts at 1085 °C and that of Ni
begins around 1455°C. At greater temperatures around 900 °C and lower
pressure of 1.5 Torr, the drying-up of Cu leads to a reduction in Cu wt.% over a
period. Additionally, the SEM analysis show that the loss of Cu from surface
during CVD growth affects the structure of CuNi bilayer and its properties. The
surface of catalyst films under similar CVD conditions devoid of CHa4 is
demonstrated a contrast study [71].

The Cu loss can be reduced after deposition of graphene layer by CVD process
and this provides a better visibility of the graphene regions. The graphene film
becomes imperfect on enhancing the reaction time due to creation of voids as
observed in Cu-rich catalyst layer [50, 67-69]. The decline in properties of
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graphene film occurs due to greater vaporization (drying up) and rupturing of Cu
film to droplets on SiO2/Si under the deposition of Cu only as catalyst material.
The analysis of method of development from one- to graphene film with dual
layers on CuNi alloy with 1:1 at.% is of greater significance. During a reaction
time of 5-15 mins., the composition of Cu doesn’t change significantly (50.5-
53.2wt%), and as a result, the increase in thickness of graphene thin films is
dependent upon period for development from nucleation to HGF domains [50,
67-69]. Additionally, the C content at the catalyst surface can be regulated by a
proper blend of carbon denying (Cu) and carbon diffusing (Ni) factors. The
development of bilayer graphene can be ascribed to the precipitation of C in
clusters which are dissipated on catalyst surface from the dilute Ni solution after
CVD annealing when the temperature is reduced from high bath temperature to
RT. Also, the extent of C atoms soluble in dilute Ni would be in limiting amounts
as shown by TEM analysis report [50, 67-69].

1.5 Platinum (Pt) catalyst

The graphene layers produced by different synthesis methods are typically
of polycrystalline type as per results reported in several literature. Graphene with
grain size in tens of micrometers can be produced by thermal breakdown of SiC.
Grains shorter than 10 um can help in the synthesis of graphene thin films on
single crystalline Cu (111) by CVD process. As reported recently [70, 72, 74],
reduced sized HGFs of dimensions up to 20 pm can be synthesized on thin Cu
sheets by ambient pressure CVD (AP-CVD) process.

Grains with a greater degree of edge roughness with a size of hundreds of
micrometers were produced on thin Cu sheets by employing a low-pressure CVD
(LP-CVD) process, where the structure were found to be like dendritic growth.
Bigger grains of graphene with a size up to millimeter in ultra-high vacuum (UHV)
were produced on single crystals of Ru [71] and Ni is reported. However, the
shifting of graphene layers from metals with single-crystalline structure to other
chips has proven to be a difficult process [70, 72, 74].

The method of entirely etching the metal chip surface by selection of appropriate
“etchant” has proven to be faulty with difficulties such as destruction of the layers,
creation of metal deposits, severe pollution to the surroundings and greater cost
of manufacturing. As methods for etching of metals is complex and usually
involves greater costs, the aforesaid techniques are not straightforward for the
shifting of graphene from thermodynamically inert to highly “noble metal” chips.

Surface methods were primarily utilized in the analysis/study of graphene grown
on such substrates devoid of their transfer to other substrates [74] and as a
result, this research and the purposes were restrictive to certain extent. The
transfer of graphene developed on Cu to other substrates by technique of
electrochemical delamination has been lately described [70]. Etching of Cu

23



substrate incompletely to approximately 40 nm of Cu in depth during each
transfer process and their application to several development and shifting
process has been observed in this technique. Report on boiling (“bubbling”)
mechanism for shifting graphene domains synthesized in hexagonal geometry
(with dimensions of millimeter and single crystal type behavior) on Pt substrates
by AP-CVD (AP-atmospheric pressure) to other random chips is demonstrated.
Recurring development of graphene thin films on Pt is achieved by this bubbling
mechanism, which is not harmful to the destruction of graphene layers and also
to the base Pt substrate [72]. One of the benefits of using Pt substrates is that
they can be used very frequently, and the graphene layers obtained on these
constantly used Pt substrates demonstrate similar properties to the pristine
graphene layers without any degradation [70, 72, 74].

Carrier mobility higher than 7100 cm?V-1s* and wrinkle depths of very low
amounts along with high-level crystalline structure are some of the excellent
properties attributed to the graphene layers obtained from this method [70, 72,
74]. The deposition of single-crystal graphene grains of uniform films is
discussed. AP-CVD methods were used for development of big-sized single-
crystalline graphene domains shaped in hexagonal geometry and thin films of
graphene by amalgamation of these islands were received on Pt chips (for both
crystal structure orders-uniform across varying orientations of lattice or structural
domains with edges across different crystallographic directions). To produce
constant films, a greater time for development of the graphene grains was
required. The graphene films grown on single-crystalline and poly-crystalline Pt
substrates are appearing to be of similar structure types. In this study,
polycrystalline Pt foils were employed for growth of graphene layers [74].

The synthesis method is convenient, and the utilization of specific reaction
systems is prevented by employing an AP-CVD processing technique.
Consequently, this helps in manufacturing of single-crystal graphene layers in
greater quantities and at a convenient price. Single-layer graphene films can be
conveniently developed on Pt foils even though the dissolution capacity of carbon
in Pt is of greater concentrations (~0.9 at.%; 1000°C) (Fig. 1.15) [17, 74].
Comparatively, a higher growth rate and larger space for growth can be possible
by using Cu foils. When using CH4 as the supplier for carbon, the temperature for
development of graphene layers can be obtained to be as low as 750°C, and with
a greater concentration of CHas at 950 °C, the graphene layers can entirely cover
the Pt surface in numerous seconds. The development of graphene grains by
CVD process is halted before the adjoining domains combine to develop larger
self-arranged crystalline order of atoms with similar orientations along all
directions in order to regulate their dimensions and concentration of atoms
precipitated from bulk catalyst as source of new domain growth. The nucleation
concentration of graphene can be increased, and their grain size can be
decreased by lowering the temperature for development of graphene layers. At
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temperature of development of graphene thin films below 800 °C, miniature-sized
domains of graphene with dimensions lower than 1 um can be obtained. In this
study, temperatures up to 1040 °C were used for growth of bigger-sized
crystalline domains of graphene with atomic arrangement similar across varying
orientations and thin films by combining them were produced [70, 72, 74].

Nucleation concentration and dimensions of domains of graphene atoms
separated by edge boundaries with varying crystallographic orientation of each
domain is strongly dependent upon the CH4 concentration in supplement to the
temperature for development of graphene layers. Graphene with greater grain
sizes were produced by using lower concentration of CHa4. Accordingly, it was
demonstrated that the dimensions of graphene domains increased from 50 to
100 to 500 um by employing a reducing flow-rate ratio of CHa/H2 from 20/400 to
10/700 and 5/700 (specific numbers refer to flow rate in standard cubic
centimeter per minute (scc)). Graphene grains tend to develop with straighter
edges and a greater regularity with their arrangement is obtained. Leading
graphene domains arranged ideally in hexagon type shape with very easy
boundaries and horizontal dimensions of up to 1.3 mm on thin Pt sheet with
several grains oriented in varying crystallographic orientations are developed
when the flow rate of CHa4/Hz is changed to 4/700 [70, 72, 74].

Comparatively, these grains are greater than the graphene domains obtained on
Cu by AP-CVD method are 20-um in size with crystallographic orientation of
atoms without any boundaries, whereas those synthesized on Cu foils by LP-
CVD process are 400-um in size with dendrite type shapes and crystal
arrangement of atoms with no edges [70, 72, 74]. Disintegration of hydrocarbons
by employing metals for stimulating synthesis (CVD) chemical reaction on
surface and precipitation from bulk is one of the primary methods for
development of graphene films. Shaky carbon-carbon bonds are etched away by
atomic H, which are formed by the disintegration of hydrogen (Hz) compound on
the surface of metal in a CVD chamber for development of graphene layers
occurs. Subsequently, the process parameters such as precipitation of carbon
atoms on surface layer, development of domains and shape governing the
growth of graphene are solidly dependent upon a suitable balance between the
aforesaid processes. The development of dynamic carbon species slows down
and consequently, restrains the nucleation of graphene on reduction of the flow
rate of CHa4. The synthesis of sizeable graphene grains is due to decreased
nucleation concentration of graphene at low CHa4/H2 flowrate. Furthermore, in few
situations, one domain with uniform arrangement of atoms along all
crystallographic directions for 2.5x2.5 mm is observed [70, 72, 74].

Graphene with varying strengths and the edge structures of armchair and zigzag

types are obtained. When the CHa4/H2 flow ratio is reduced, the edges with lower

strength are uniquely etched out by the active atomic H, and consequently, the

boundaries of graphene layers develop into straighter and regular shaped types.
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The larger graphene grains had some shorter bilayer and few-layer region
(domains) types as demonstrated. When the quantity of dynamic carbon groups
generated have surpassed the threshold limit for growth of single-layer graphene,
the development of the aforesaid structures takes place, for example, during the
initiation of development of graphene or the varying catalytic events of Pt in
distinctive areas [70, 72, 74]. For the CVD synthesis of graphene thin films on Cu
catalyst, temperature greater than 1000 °C is necessary, and source for carbon
is CHa.

CHa dissolution is higher for a Pt substrate as compared to Cu metal because of
it's higher catalytic ability for this disassociation is based on the assumption or
experimental observation that the graphene layers can develop at comparatively
reduced temperature (750 °C). Furthermore, this is reported to be coherent with
theoretical calculations [76]. Pt substrate has sharper catalytic capacity as
compared to Cu for Hz dissolution to develop energetic atomic H¥ [77].
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CHAPTER TWO
EXPERIMENTAL SETUP

2.1  Thin film sputtering deposition of metal catalyst layers

The growth of copper-nickel (CuxNii-x) alloy thin film (<1um) gradients of
transition metal catalyst layers on Silicon dioxide (SiOz2)/ Silicon (Si) substrate is
performed by physical vapor deposition (PVD) process at the thin film sputtering
facility (Fig. 2.1) at the Joint Institute of Advanced Materials (JIAM), University of
Tennessee, Knoxville (UTK). The radio frequency (RF) magnetron/magnetic
sputtering process involved first loading of target materials (eg. Cu, Ni metal)
onto the magnetron and magnetic target guns, respectively. Next, the pressure
inside the main chamber is pumped to pressure of ~3x10 Torr with a
turbomolecular vacuum pump attached to the main chamber, which is connected
to mechanical rotary vane pump. The load-lock system is connected to the main
chamber via the main gate valve. Another turbo and mechanical roughing pumps
are connected to the load lock system for quick sample entry. The SiO2/Si wafer
is loaded onto the load lock sample holder by isolating load lock from main
chamber by closing the intermediate gate valve. The wafer is then transferred to
the sample holder inside the main chamber by opening the gate valve.

The wafer is placed at appropriate height above the four metal target guns at the
base of main chamber, and then, inert process gas, for example, argon (Ar) is
introduced into the main chamber at ~25 mTorr via a mass flow controller. The
selection of process gas is based on the type of thin film materials to be
deposited. After the desired gas pressure is reached inside the chamber, the RF
power source supply to Ni and Cu targets is turned on and maintained at 200 W
and 230 W, respectively. The Cu target is assembled in the diagonally opposite
direction to Ni target for obtaining a composition gradient of CuxNiix film to find
the optimum composition of CuxNii-x alloy for bilayer graphene production initially,
which is then followed by sputtering of uniform CuxNiix alloy film on the entire
SiO2/Si wafer 100mm in diameter.

During sputtering process (Fig. 2.2), the power source creates a negative
potential on the magnetron, which behaves as cathode (-) and the ground
reference (chamber) acts as anode (+). Thus, the electrons are accelerated away
from the magnetron due to this potential gradient. Consequently, the fast-moving
electrons collide with the process gas (Ar) atoms and eject outer shell electrons
from the gas atoms and generate positively charged process gas ions, which are
then accelerated towards negatively charged metal target surface. In this
process, the positively charged ions knock-off the metal atoms from metal target
surface in a direction so that they are collected on the wafer centrally located
inside the chamber. Additionally, the positive ions from process gas atoms
recombine with the free moving electrons and generate a plasma glow (light with
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color) due to the electron falling from higher energy state to lower energy state
inside the atoms [78].

The aforesaid process is continued for approximately 1 hour and 20 minutes to
achieve a coherent film of uniform thickness (< 1um) onto the SiO2/Si wafer. After
the film of desired thickness is achieved, the RF power source and Ar gas supply
is turned off and lastly, the SiO2/Si wafer with thin film deposition of CuxNiix (Fig.
2.3) is taken out from the load lock system.

2.2  Chemical vapor deposition of graphene, etching and transfer process

Chemical vapor deposition (CVD) is a chemical process involving thermal
decomposition of precursors onto a substrate surface leading to deposition of
chemical vapors under high temperature conditions. The process temperature
may be reduced by the breakdown and response from plasma due to the high
temperature. The benefits of thermal CVD process include thin films with good
guality and integrity. Additionally, one can manipulate the morphology,
crystallinity, shape and dimensions of the thin film layer by properly adjusting the
factors governing the process. In this study, high quality graphene layers were
deposited on polycrystalline CuxNii-x alloy thin film deposited on SiO2/Si wafer at
our collaborator, General Graphene’s facility in Knoxville, TN.

Graphene layers are deposited on polycrystalline CuxNii-x alloy thin film. The
solubility of C in Cu at around 1000°C is very low (~ 75 +/- 0.5 ppm) and that of C
in Niis 1.3 at.%. The growth of bilayer or multi-layered graphene can be
manipulated by changing the composition of CuxNii-x alloy film. One of the
important parameters for controlling growth of graphene is the processing
temperature maintained during the CVD process (Fig. 2.4) [79]. Temperatures
close to 1000°C are selected for graphene bi-layer growth during this process.
Additionally, the nucleation density and grain size of graphene are regulated by
the concentration of CHa.

The recipe (Fig. 2.5) for CVD bilayer graphene growth on CuxNi1x gradient alloy
thin film on SiO2/Si substrate includes firstly flushing off the surface of sample
with CHa+Hz gas mixture to strip off any oxide formation by reduction reaction
(from C source-CHa) and Hz gas for stripping of more complex compounds on the
surface, if any present. This gas supply is typically continually running into the
gquartz tube furnace and never stopped even when there is no growth process
going on inside the furnace. Thermal CVD setup at General Graphene (Fig. 2.6)
includes a long tube furnace with inlet and outlet ends for gases to flow in and
out respectively. The gas supply/flow (standard cubic centimeter per minute-
sccm) can be manipulated through electrical control valve run by the software
application on computer. A copper foil is placed at the end of tube for maintaining
temperature inside the furnace. A small pipe is attached to the stainless-steel
flange at the outlet for the gas outflow into the atmosphere. At the inlet side,
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Graphene CVD recipe (gas flow, temp. vs time)
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Fig. 2.5 Recipe for CVD graphene bilayer growth on CuxNii1-x gradient alloy thin
film deposited on Si/SiO2 substrate developed by General Graphene
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there is a flange with pipe inlet for gas flow into the tube furnace. As mentioned,
this inlet tube is connected to flow control valve outside for regulating gas flow
from the gas cylinder into the tube furnace. A stainless-steel plate (rectangular
shaped) is used as sample holder for the wafer or Cu foil, which can be slowly
pushed in or pulled outward from the tube inlet side into the furnace by use of
long rods with a hook at the end. There are cooling fans on top of the furnace to
keep it cool. The temperature inside the furnace can be monitored/controlled by
two thermocouples placed on the door of furnace (Fig. 2.6).

The temperature of the tube furnace is made sure to be at RT before beginning
the CVD graphene growth process. After this, the ends of knobs on the inlet
flange are slowly opened and the CuNi/SiO2/Si wafer is slowly pushed inside and
to the middle of furnace. Then the Cu foil is placed at the inlet side as heat shelf
for the furnace and the inlet flange is slowly tightened. As shown in the recipe
(Fig. 2.5), at the start of the CVD growth process, inert Ar (95.7%) + H2 (2.5%)
gas (mixture) is flushed into the furnace for 5 I/min at 5000 sccm to flush out any
02/H20 for maintaining inert gas atmosphere inside the furnace. As mentioned, it
also helps to reduce any Cu oxide on the surface (also helps to smooth and
anneal it) of sample. After 30 minutes, the heat is ramped up to a temperature of
T=1000°C from RT and held at this temperature for 1 hour and 30 minutes. After
1 hour from beginning of heat ramp-up, a mixture of 95.5% Ar + 4.5% CHa is
started to flow into the tube at ~25 sccm (constant flowrate) for about 45 minutes
and then stopped. During this period, the CHa4 dissociates into C molecules and
seeds onto the surface of CuxNiix alloy and starts forming grains, which coalesce
together to form C molecules on the surface inform of graphene layers. As
reported in literature [3], larger grain size of graphene can be achieved by lower
concentration of CH4 because nucleation density of graphene is lower at a
decreased CH4/H2 flow-rate ratio as there will be less carbon species. Also, the
graphene grains become more and more structured with straight edges. Thus,
the catalytic breakdown of hydrocarbons on metals is an essential step in
introducing carbon species. Also, the development of dynamic atomic H on
metals from molecular Hz in CVD leads to etching away of weak carbon-carbon
bonds. Thus, these two competing processes strongly govern the nucleation,
growth and grain size of graphene. After 2 hours from start of synthesis process,
the temperature inside the furnace drops down to T<100°C, and the door of the
furnace is then opened. The tube furnace slowly cools down to RT in about half
hour and then, the sample is taken out from the furnace by opening the knobs on
the flange at the inlet side of furnace. The substrate plate is slowly pulled out
from the tube (Fig. 2.6).

After CVD deposition of graphene on CuxNiix alloy thin film on SiO2/Si substrate,

graphene is spin-coated with polymethyl methacrylate (PMMA) followed by

curing. The purpose of PMMA layer is to provide protection and structural

support to the graphene layer during the etching process. The cured sample is

then placed in the aqueous bath of ammonium per sulphate (APS) solution for
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etching (Fig. 2.7) away the CuxNiix layer from the sandwich of
PMMA/graphene/CuxNi1-x/SiO2/Si. After placing the CVD sample in the APS bath
for overnight, the graphene layer floats on the surface of APS solution and the
SiO2/Si wafer drops down to the bottom of tub due to its gravity.

The graphene sample is ready for transfer to a fresh SiO2/Si wafer. A wet transfer
process (Fig. 2.8) is applied at General Graphene for this purpose, which
involves gentle removal of graphene layer floating in APS bath onto a thin plastic
foil assisted with a pipette for removal of any water bubbles and then placing the
graphene layer into a bucket of deionized (DI) water. After cleaning the graphene
layers for few minutes, it is then transferred to SiO2/Si wafer. During this transfer,
care should be taken to avoid any bubble formation by use of pipette, if required.
The sample is left in vacuum for drying overnight.

After the CVD graphene sample has dried out, next step involves cleaning the
surface by placing it in a bath of acetone for rinsing off any impurities/oxide on
surface of graphene. After cleaning with acetone for a few minutes, the graphene
sample is then rinsed in isopropyl alcohol (IPA) bath, which is followed by finally
blow off the droplets of solution with help of an air dryer. The CVD graphene
sample is now ready for optical imaging and Raman spectroscopy
measurements.

2.3  Energy dispersive spectroscopy

After deposition of CuxNiix alloy thin film, one of the next steps involved
analysis of the atomic% of Cu and Ni in the film, which governed the growth of
graphene layers by the CVD process. Consequently, we performed energy
dispersive spectroscopy (EDS) to obtain the composition of CuxNiix alloy, to
correlate the graphene growth to associated CuxNiix alloy compaosition.

The scanning electron microscope (SEM) has an electron source gun, which
emits electrons and are subsequently accelerated to the surface of the specimen,
which after interaction with the surface atoms are then scattered in varying
directions. Typically, secondary electron and backscattered electron detectors
collect the secondary and backscattered electrons, respectively to generate
images (Fig. 2.9). The detection of individual elements (at.%) is based on the
analysis of characteristic x-rays emitted by each element based on the elements
unique atomic structure, which are observed as a distinguished set of peaks in
the electromagnetic emission spectrum. The EDS analysis is performed at the
microscopy facility at JIAM, UTK on the Zeiss EVO SEM (Fig. 2.10). Additionally,
we performed high-resolution surface analysis of graphene layers on the Zeiss
Auriga SEM (Fig. 2.11).

For the EVO-EDS analysis, settings included secondary electron detector (SE1),
magnification of 10kX, electron gun source (EHT) at voltage of 10kV & 20kV and
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selection of the working distance in between 8-10 mm from the pole piece.
Similar settings are maintained for Zeiss Auriga, however, the magnification was
increased to 40kX-80kX for obtaining high-resolution images of the CuxNii-x alloy
catalyst and the graphene layers.

2.4  Raman spectroscopy measurements

The growth quality of graphene layers is confirmed by performing Raman
spectroscopy measurements at the facility at General Graphene, Knoxuville, TN.
Basically, this involved capturing the Raman spectra (intensity vs Raman shift
(cm)) and evaluating the peaks (G-1600 cm™, 2D-2690 cm™) relating to the
structural disorder in graphene. The intensity ratio of 2D band to G band (l2o/lc)
and full-width half maximum (FWHM) is also measured. Typically, Raman
measurement involves focusing a laser (electromagnetic) beam (532 nm) onto a
spot through a monochromator. Elastically scattered radiation at the wavelength
corresponding to the laser line (Rayleigh scattering) is filtered out by a notch
filter, edge pass filter or band pass filter and the rest of light is collected and
dispersed onto a detector (Figs. 2.12 and 2.13) [80].
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CHAPTER THREE
EXPERIMENTAL RESULTS

3.1  Combinatorial sputtering of CuxNizi-x alloy

The number of graphene layers grown on CuxNi1x alloy combinatorial
sputtered on Si/SiOz substrate can be controlled by the composition of CuxNi1-x
alloy. As a result, one of the initial tasks of this work involved sputtering CuxNi1x
alloy thin film gradients on Si/SiO2 substrates. The focus is on determining
appropriate compositions of this alloy that provide uniform and coherent bilayer
graphene growth. The rationale is to adjust the alloy carbon solubility such that
bilayer graphene is formed at ~1000°C growth, where the solubility limit of
carbon (C) in Cu is approximately 75 +/- 0.5 ppm and C in Ni is 1.3 at.% as per
their respective phase diagrams. To achieve a large composition gradient,
initially the corresponding powers for Ni and Cu target in the sputtering system
was set to 200W (target bias ~560-570 V) and 115W (target bias ~280V),
respectively (sputtering parameters maintained, Table 3.1). During this film
growth, the substrate is not rotated to obtain a gradient of CuxNiix alloy thin film
with varying composition across the diameter of Si/SiO2 wafer. A CuxNii-x alloy
thin film with approximately uniform thickness of ~1 um (Fig. 3.1) is obtained after
sputtering for a period of ~ 1 hour and 6 minutes.

3.2  Characterization of sputtered CuxNii-x alloy thin film on Si/SiO2 wafer

The composition of Ni and Cu across the combinatorically sputtered
CuxNiix alloy thin film on the Si/SiO2 substrate is determined at five equi-spaced
(16.6mm) positions (Fig. 3.2). The energy dispersive x-ray spectroscopy (EDS)
analysis is performed on Carl Zeiss EVO scanning electron microscope (SEM)
(Table 3.2). The EDS spectra of the 5 measurements across the gradient CuxNii-
x thin film (Fig. 3.3) demonstrates the peak ratio of Cu and Ni varying as
expected with Ni rich peak is observed at ~ 0.849 eV and Cu peak is obtained at
~ 0.928 eV, which is corresponding to the L« values for both metals. The
operating parameters were a working distance (WD) of 8-10 mm, 10 kX
magnification, and an electron source voltage (EHT) for electron gun at 10kV.

Additionally, the HR-SEM images of all five positions across CuxNii-x alloy
gradient (surface) is captured by Carl Zeiss Auriga SEM with operating
conditions as EHT=5kV, WD=8-10mm and magnification: 40kX, 80kX (Fig. 3.4).
The HR-SEM images show the CuxNii-x alloy grains very clearly as one moves
from position#1 (Ni rich side) towards position#5 (Cu rich side). The grain size
appears to be decreasing as one moves from Ni to Cu rich domains. Also, grain
shape appears to be changing from disordered spheres to uniform spherical
shaped structures along gradient of Ni to Cu rich regions. Glancing angle x-ray
diffraction (GI-XRD) scans were taken at positions 1-5; the data shows a clear
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Table 3.1 Combinatorial sputtering parameters

Time Gun#1 (Ni) Gun#3 (Cu)
(mins.) | F [Volt(V)| R F |Volt(V)] R

0200 W 570 1115 W 288 1
10200 W 566 1115 W 287 1
20200 W 568 1115 W 286 1
30200 W 567 2115 W 286 2
40200 W 570 1115 W 285 2
50200 W 571 1115 W 284 2
60200 W 562 1115 W 284 2
66[200 W 564 1115 W 284 2
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Table 3.2 EDS analysis of CuxNiix alloy film (Ni at.% and Cu at.%)

Position Cu Ni
(at. %) [(at. %)
#1 25 75
#2 35 65
#3 51 49
#4 68 32
#5 83 17
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FCC structure with a solid solution where the peaks shift towards large 26 values
with increasing nickel concentration and the change in lattice parameter
calculated by the software as ~3.53, 3.54, 3.55, 3.57 to 3.58 A (Fig. 3.5).
Consistent with the Vegard'’s law relationship, the composition calculation of this
CuxNi1-x alloy shows close match with experimental results for at. % from EDS
analysis (Fig. 3.6) (Table 3.3).

The optical images of CVD graphene growth (Figs. 3.7 & 3.8) for this sputtered
CuxNi1-x alloy thin film gradient on Si/SiO2 substrate show the graphene growth
transition from high Cu at.% region (left side, Figs. 3.7 & 3.8) towards high Ni at.
% region (right side, Figs. 3.7 & 3.8). Accordingly, we observed that at very high
Cu at. %, the SiOz2 film didn’t dewet properly shown by the light purple domains
(Fig. 3.7). As we slowly move towards the higher at. % Ni side (right), we see
some small graphene islands but still the area which did not dewet is higher. As
we keep moving towards the elevated Ni at. % side (right) further, we realize an
enhancement in the coverage of graphene island growth regions and reduction in
areas which didn’t dewet efficiently until the point where we see no further areas
from improper dewetting but can detect complete coverage of area by uniform
graphene domains. Beyond this point, as we keep moving towards higher Ni at.
% regions (right side), we see an improvement (coherent) in the CVD graphene
growth areas and can now perceive the multilayered regions in light brown color
demonstrating the overlap of graphene layers. Thus, we concluded that the
region showing the transition from monolayer to bilayer to multilayer graphene
growth regions (high Cu at. %) is an interesting region for us. Accordingly, next
we wanted to analyze the appropriate composition range for CuxNiix alloy
catalyst providing this fine regulation of the growth domains for varying the
number of graphene layers.

Furthermore, the results from Raman spectroscopy (Fig. 3.9) of CVD grown
graphene layers on CuxNii-x alloy gradient film confirm our hypothesis for the
transition observed in CVD growth of graphene from monolayer to bilayer to
multilayer graphene layers. For the regions which didn’t dewet properly (extreme
left, Fig. 3.7 & 3.8), we notice no peaks in the Raman spectra. As we move down
(Fig. 3.9), we observe a sharp G peak (~1500 cm?) and 2D peak (~=2700 cm™)
intensity indicating the monolayer graphene domains. As we shift further down
(Fig. 3.9), we observe an increase in the G peak intensity and decrease in 2D
peak intensity reflecting the multilayered graphene islands formation on CuxNi1x
alloy substrate. Thus, a decrease in intensity ratio of 2D/G peaks and an
increase in full-width half maximum (FWHM) of 2D peaks is detected as one
moves from monolayer (top) to multi-layer graphene regions (bottom).

3.3  Combinatorial sputtering of CuxNii-x alloy on Si with increased Cu power

As the bilayer graphene growth occurred at relatively higher copper
concentration, we sputtered a second gradient sample with higher average copper
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EDS vs Vegards Ni composition comparison
80
—e—EDS-Ni (at.%)

70
60 —e—\/egards-Ni (at.%)
50

40

Ni at.%

30
20
10

0
3.52E-10 3.53E-10 3.54E-10 3.55E-10 3.56E-10 3.57E-10 3.58E-10 3.59E-10

Cu,Ni,_, alloy lattice parameter (a) at five positions

Fig. 3.6 EDS vs Vegards Ni at. % plot comparison for CuxNii-x alloy experimental
lattice parameters at five positions across the gradient
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Table 3.3 EDS vs Vegards Ni at. % comparison for CuxNii-x alloy experimental
lattice parameters at five positions across the gradient

Lattice
parameter | EDS Vegards
Position | (GI-XRD) Ni at. % | Ni at. %

#1 3.5284E-10 | 75 70
#2 3.5355E-10 | 65 63
#3 3.5504E-10 | 49 48
#4 3.5662E-10 | 32 31
#5 3.5809E-10 | 17 16
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Fig. 3.7 Optical images of CVD graphene growth on CuxNiix alloy at
magnification scale of 100 um from high Cu at. % rich region (left) towards high
Ni at. % rich region (right)

Fig. 3.8 Optical images of CVD graphene growth on CuxNi1x alloy at the
magnification scale of 1 um from high Cu at. % rich region (left) towards high Ni
at. % rich region (right).
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Fig. 3.9 Raman spectroscopy of CVD grown graphene layers on CuxNii-x alloy
gradient film showing monolayer to bi-layer to multi-layer graphene transition.
Increase in the G peak (~1500 cm?) intensity, decrease in 2D peak (~2700 cm?)
intensity and increase of FWHM of 2D peaks as one moves from higher Cu at. %
(top) to higher Ni at. % (bottom). Decrease in intensity ratio of 2D/G peaks is
observed as one moves from mono-layered (top) to multi-layer region (bottom)
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concentration to better elucidate the range for CuxNiix alloy catalyst composition
governing the monolayer to bilayer graphene transition (Fig. 3.10).

To do this we doubled the copper RF magnetron sputtering power (Tables 3.4 and
3.5). After increasing the sputtering power, EDS analysis at five positions across
the CuxNiix alloy film is performed with conditions for the SEM as magnification-
10kX, EHT-20kV, working distance: ~8-10mm. The CuxNiix alloy composition (at.
% Cu, at. % Ni) for the five positions across the substrate from EDS analysis is
found to be position #1 (~42%, 58%), position #2 (~51, 49%), position #3 (~69%,
31%), position #4 (~85%,15%) and position #5 (~94%, 6%) (Fig. 3.11 & Table 3.6)
respectively. The L. and Kq lines (Fig. 3.11) show the expected Cu/Ni peak ratio
change with position along the gradient in composition (at. %) of the CuxNi1x alloy.
A blow-up of L« lines (Fig. 3.12) show the Cu and Ni peaks at ~0.85 and ~0.93 kV
and that for Ku (Fig. 3.13) shows Cu and Ni peaks at ~7.47 and ~8.04 kV,
respectively.

3.4  EDS analysis of initial CVD grown graphene layers on Si/SiO2 substrate
(test sample)

As per the optical images of initial CVD graphene growth (Figs. 3.7 & 3.8)
on CuxNi1-x alloy gradient on Si/SiO2 substrate, we're able to conclude three
different domains of interest based on the no. of layers of graphene received
which is dependent on the change in CuxNiix alloy composition as one moves
from left (high Cu at. %) to right (high Ni at.%) of the CuxNii-x alloy sputter
deposited substrate. Accordingly, we wanted to analyze appropriate composition
range for CuxNi1x alloy catalyst providing this controlling of different growth
domains for graphene layers especially for monolayer, bilayer and multilayer
graphene growth modes.

Subsequently, a test sample (Fig. 3.14) from the high Cu at. % rich region (right)
of first CVD graphene growth on the CuxNiix alloy film sputter deposited on
Si/SiOz initial wafer is cut out and analyzed under the EVO SEM (Fig. 3.12) at the
operating conditions (magnification-10kX, EHT-20kV, working distance-8 to
10mm). As per EDS analysis, the at. % (Cu, Ni) of this transferred graphene
layers from the high Cu at.% regions are analyzed at four locations from
relatively higher Cu at.% (left) to lower Cu at.% (right) of test sample (Fig. 3.14).
For the first two positions, the composition is found to be position #1 (~48% Cu,
52% Ni) and position #2 (~37%, 63%) respectively (Table 3. 7). The remaining
two positions (#3 & #4) are found to have same composition as position #2. The
L« EDS spectrum show the Ni and Cu peaks at ~0.86, 0.92 kV and K spectra
show the Ni and Cu peaks at ~7.47, 8.04 kV for the two positions respectively
(Figs. 3.15-3.17).

The next step in this study involved exploring synthesis of graphene at higher Cu
at.% and finding the appropriate composition governing the monolayer to bilayer
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Table 3.4 Sputtering parameters maintained during run#1

Time Gun#1 (Ni) Gun#3 (Cu)
(mins.)] F |Volt (V)] R F [Volt(V)] R

0200 W 504 1230 W 429 3
15200 W 503 1230 W 424 3
30200 W 510 2230 W 422 3
45200 W 505 2230 W 421 3
60[200 W 502 2230 W 418 3
75200 W 497 2230 W 416 3
90[200 W 505 2230 W 414 3

Table 3.5 Sputtering parameters maintained during run#2

Time |Gun#1 (Ni) Gun#3 (Cu)
(mins.) |F Volt (V) F Volt (V)
0 200 W 509 230 W 414

15 200 W 495 230 W 414

45 200 W 490 230 Wi411

60 200 W 487 230 W}410

75 200w 477 230 W 407

R R
0 3
0 3
30 200 W 494 1 230 W 414 3
1 3
2 3
2 3
2 3

90 200 W 475 230 W 405
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Fig. 3.10 CuxNi1-x alloy combinatorial sputtering on Si/SiO2 substrate (=2 um)
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Fig. 3.11 EDS analysis of CuxNi1x alloy (Ka & L« lines) showing Ni & Cu rich side
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Table 3.6 Cu and Ni at.% from EDS analysis

Cu Ni
Position | (at. wt.%) | (at. wt.%)
#1 42 58
#2 51 49
#3 69 31
#4 85 15
#5 94 6
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Fig. 3.12 Eds analysis (L«) spectrum for five positions across CuxNii-x alloy
gradient
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Fig. 3.13 EDS spectrum (K.) for five positions across CuxNii-x alloy gradient
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Table 3.7 EDS analysis with at. % Cu & Ni for the five positions across Cu & Ni
gradient for CVD graphene growth on CuxNiix alloy on 285 nm thick SiO2 layer
on Si wafer

at. % Cu Ni
Pos#1 89 11
Pos#2 85 15
Pos#3 69 31
Pos#4 49 51
Pos#5 35 65
EVO SEM parameters
EHT: 20 kV

WD: ~8-9 mm

Magnification: 10 kX
SE1 detector
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Fig. 3.14 Initial graphene growth (CVD) on combinatorial sputtered CuxNiix alloy
thin film (=2 pum) on Si/SiO2 substrate SEM-EDS analysis (test sample)
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Fig. 3.15 EDS analysis (spectrum) of CVD grown graphene layers on CuxNiix alloy
(initial test sample)
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graphene growth. As per our initial hypothesis, as the Cu at.% increases, the low
solubility of C in Cu provides less amount of C atoms available for forming the
graphene layers upon cooling in the thermal CVD furnace from 1000 °C to RT.
Furthermore, this study would provide better understanding for finely
manipulating (regulating) the growth of number of graphene layers based on the
composition of CuxNi1-x alloy catalyst sputter deposited on Si/SiO2 substrate.

3.5 CVD graphene growth at higher Cu at. % of CuxNi1-x alloy

As discussed earlier, the number of graphene layers formed during CVD
process depends upon the temperature set inside the furnace and the
composition of CuxNi1-x alloy deposited on Si/SiO2 substrate. To realize the
composition of CuxNi1x alloy associated with the corresponding locations of
monolayer, monolayer to bilayer transition and bilayer to multilayer graphene
growth transition in the high Cu at. % rich region (~42 - 94% Cu), Raman
spectroscopy was performed on graphene growth by CVD process for a set of
CuxNi1x alloy sputter deposited on Si/SiO2 samples at different growth
temperatures of 1000 °C, 1020 °C and 1050 °C.

At 1000 °C, we observe the G peak (~1600 cm™) and 2D peak (~2700 cm?) for
regions 1-4 and small intensity G peak for region 5 (Fig. 3.18). Regions 3-5
represent monolayer graphene regions with intensity ratio lzoic > 1 (=2) which is
Cu at. % > ~69%. Regions 1 and 2 represent multilayer graphene domains which
refers to Cu at. % < ~51%. Regions with intensity ratio of l2o/c ~1 demonstrating
domains of AB stacked bilayer zones fall between the regions of 2 and 3 which is
Cu at. % in range 51-69%. As per Raman spectra, the multilayer to monolayer
transition occurs from regions 3-2 for Cu at. % decreasing from 69-51%. The
Raman spectra reflects 2D peak with more width (FWHM) as the no. of layers
transition from monolayer to bilayer and tri-layer region (Fig. 3.18) which is shift
from regions 5-1. Typically, the D-mode is caused by the disordered structure of
graphene (sp? hybridized carbon systems). However, the absence of D peaks
(1350 cmt) and presence of both narrow G and 2D peaks in Raman spectra
demonstrate high quality monolayer graphene films (Fig. 3.18) at temperature of
1000 °C.

At 1020 °C, the G and 2D peaks are missing for regions 3-5, which show thin film
with no monolayer and multilayer graphene domains formation (Fig. 3.19).
Monolayer graphene domains are observed for regions 1 and 2 (Fig. 3.19). At
1050 °C, the Raman spectra is showing wider and shorter G and 2D peaks with
an additional small D peak at 1600 cm* demonstrating that the layers are rotated
and of poor quality (fig. 3.20) indicating disorderly layers. A more intricate
synthesis process is observed for growth at higher temperatures.

Additionally, particle (dot) formation (aggregates) is observed (please refer to the
appendix section at end of thesis for details) in the regions of high Cu at. %,
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Fig. 3.18 Raman spectra for graphene CVD growth at 1000 °C with 5 regions of
varying Cu at.% and 2D peak blow-up
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Fig. 3.19 Raman spectra for graphene CVD growth at 1020 °C with 5 regions of
varying Cu at.% and 2D peak blow-up
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Fig. 3.20 Raman spectra of graphene CVD growth at 1050 °C with 5 regions of
varying Cu at.% and 2D peak blow-up
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which is assumed to be metal (copper) silicide (SiCux). The optical images of
graphene grains at two locations, one at the center of wafer (Appendix I, Fig. 1)
and other near the high Cu at.% region (Appendix I, Fig. 2) shows that the silicide
formation in latter can be related to the discoloration and small grains. To confirm
our hypothesis if the silicide particle (dot) formation (Appendix I, Fig. 3) is either
copper silicide or silicide oxide (SiOx), EDS analysis of graphene growth on
CuxNii-x alloy deposited under same conditions on Si/SiO2 wafer is performed at
5 kV EHT.

The EDS analysis for CVD graphene growth with dots by area selection covering
all dots (Appendix I, Figs. 3 and 4) show at. % Ni-3.47% and Cu-96.25%. For the
region on graphene layer growth without any dot formation (Appendix I, Figs. 5
and 6), EDS analysis show at. % Ni-51.20% and Cu-48.79%. Additionally, EDS
analysis of silicide particles by drawing small circular areas (selection) covering
only dots (Appendix I, Figs. 7 and 8) show at. % Cu-94.07%, Ni-3.83%, Si-0.40%
and O-1.7%. The EDS mapping (Appendix I, Figs. 9 and 10) of the dots clearly
shows presence of oxygen and thus, SiOx (SiO2) particle formation is concluded
(Appendix I1).

As a first step in reducing formation of metal silicide particle formation, thickness
of oxide layer (SiO2) on top of Si wafer is increased to ~285nm from lower quality
~100 nm SiO:2 layer thickness. Accordingly, a thin film of CuxNiix alloy is sputtered
on thicker (~285 nm) SiO2 oxide layer on Si wafer under similar operating
conditions as last time. After CVD graphene growth at 1000 °C, Raman
spectroscopy measurements (Appendix I, Figs. 11 and 12) are taken at 5 spots
including the center of wafer (each point 2 cm apart) showing nice 2D and G peaks
for first 3 regions with respective intensity ratios of bands (range) lzo/c = 0.34-1.02,
0.3-2.02, 0.71-2.06 with majority of area showing =1, which complies a consistency
with AB-stacked bilayer graphene. The Raman measurements for CVD graphene
growth at 1050 °C show some wide 2D peaks for regions with Cu at. % in-between
51%-85% (Appendix Ill, Figs. 13 and 14). However, the G peaks are missing for
all regions. This implies incoherent CVD growth of graphene at 1050°C.

The EDS analysis of CVD grown graphene sample at 1000°C is performed at 20
kV EHT at 5 locations with 2 positions along each side off the center (including
center as position) near the diameter edge (~1 cm below edge) of Si/SiO2 wafer
along horizontal CuxNii-x alloy gradient direction with 2 cm gap in-between these
positions (Fig. 3.21). As per EDS analysis, at. % (Cu, Ni) for all five positions (Table
3.7) is analyzed to be #1 (~89% Cu, 11% Ni), #2 (85% Cu, 15% Ni), #3 (69% Cu,
31% Ni), #4 (49% Cu, 51% Ni), #5 (35% Cu, 65% Ni). As matching with the
previous results, there are three positions on the wafer, one at the center and
remaining two positions from the center towards the Ni rich region showing no
silicide particle formation (Fig. 3.21(c)-(e)). The EDS spectra (Fig. 3.22) for five
positions show gradient with peaks for Ni and Cu rich regions. A blow-up of the
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Fig. 3.21 SEM images taken at 20kV EHT source from EDS analysis for varying
Ni and Cu at.% in CuxNiix alloy (a) position#1-CusoNii1, (b) position#2-CussNiis,
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Fig. 3.22 EDS spectra (0-20 kV) of CVD graphene growth on CuxNiix alloy on
285 nm SiOz2 layer on Si substrate
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EDS spectra from 0-10 kV (Fig. 3.22) and from 7-10 kV (Fig. 3.23) show nice
gradient in the at.% of Cu and Ni peaks.

3.6  Confirmation of variation in graphene thickness with gradient in composition
of CuxNi1-x alloy catalyst thin film

As one can infer, the 2D/G ratio decreases when moving from the Cu-rich
side of catalyst to the Ni-rich side, which is observed to be consistent with number
of layers increasing (Fig. 3.24(a)). Luminescent background decreases going from
Cu-rich to Ni-rich side. Luminescence of the base catalyst is mostly quenched by
alloying the Cu with ~30% Ni (Fig. 3.24(a)). Ni-rich 2D peak is composed for
multiple peaks and not a single Lorentzian peak (Fig. 3.24(b)). Cu-rich side is
composed of a single peak. It provides further confirmation of a transition from
single to multilayer graphene across the catalyst. Thus, gradient catalyst of CuxNia-
x alloy is indeed effective in growing a gradient in varying thickness and therefore
can serve as a method to rapid prototype recipe/catalyst combinations to grow
graphene of controllable thickness.

A coarse gradient confirming transition from multilayer and monolayer graphene is
demonstrated (Fig. 3.25). Optical images of graphene transferred from the gradient
catalyst onto Si wafer show the variation in areal coverage by change of color. Low
Cu at.% (or high Ni at.%) results in non-uniform multilayer coverage (2D/G<1) as
one can interpret from the optical images and 2D/G Raman maps. Low Cu at.%
(high Ni at.%) results in large variation in graphene thickness. Graphene thickness
is often larger at grain boundaries because these regions have high carbon
mobility (nucleation) and results in more graphene precipitation during cooling.
Both bilayer and monolayer coverage are observed at 69 at.% Cu. Uniform
monolayer graphene (2D/G>1) corresponds to 94 at.% Cu. Transition from bilayer
to monolayer graphene regions is observed for compositions ~69 at.% Cu.

A smooth gradient from monolayer to bilayer graphene is observed for graphene
grown on CuxNiix alloy catalyst from 61-85 at.% Cu (Fig. 3.25). 85 at.% Cu results
in monolayer graphene (2D/G>1). The 69 at.% Cu corresponds to a mixture of
monolayer and bilayer graphene. 61 at.% Cu matches large area coverage of
bilayer graphene (for bilayer 2D/G ~1). Consequently, catalyst gradient provided
us to rapidly recognize a recipe/composition that helps in regulating bilayer
graphene growth.

Finally, we conclude that for CuxNii-x alloy catalyst, single layer graphene growth

occurs with x>68.9%, bilayer growth dominates in the range of 47.6%<x<68.95%
and multilayer (>=3) growth occurs for x<47.6%.
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EDX 7-10 KeV spectra: Graphene-Cu_Ni (~2 pm)
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Fig. 3.23 EDS spectra blow-up (7-10 kV) of CVD graphene growth on CuxNii-x
alloy on 285 nm thick SiO2 layer on Si wafer
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Fig. 3.24 (a) Raman spectra of graphene grown on composition gradient CuxNi1-x
catalyst and (b) Raman spectra showing magnified 2D peak spectra for graphene
grown on the composition gradient CuxNi1x catalyst
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Fig. 3.25 Optical images of graphene grown on the CuxNiix alloy gradient
catalyst (42-94 at.% Cu) after transfer to Si wafer. Raman maps report the 2D/G
ratio of the transferred graphene showing graphene layer thickness
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3.7 Discovering optimum Cu at.% for bilayer CVD graphene growth on
magnetron sputtered CuxNiix alloy on Si/SiO2 substrate

The steps for identifying novel Cu at. % (composition) favoring bi-layer
graphene CVD growth involved measurements of Raman (spectra and mapping)
for region on the bilayer growth showing both sharp G peak at 1600 cm™ and 2D
peak at 2700 cm* with intensity ratio l2o/c =1. Accordingly, bi-layer coverage is
estimated to be around 63 mm from the Cu rich side of wafer, which is showing
approximately around ~60-61 at.% Cu. For confirming this composition, EDS
analysis is performed at this position and at points every 2 mm in the range
covering +/- 10 mm off this 63 mm spot (Table 3.8) which is 53-73 mm region off
the Cu rich side (Fig. 3.26).

The composition at 63 mm spot is found to be Ni-41.4 at. % and Cu-58.6 at. %
(Table 3.8). SEM images show coherent bilayer islands in this region (Figs. 3.27)
and the spectrum from EDS analysis show peaks of Ni and Cu almost
overlapping and thus demonstrating small change in composition of Ni and Cu
from 31.05 at.% (63 -10 mm) to 52.44 at.% (63 +10 mm) and 68.95 at. % (63 -10
mm) to 47.56 at. % (63 +10 mm) respectively (Figs. 3.28-3.31). The next step
involved wet transfer of bi-layer graphene layer onto fresh Si/SiO2 substrate after
etching out the CuxNiix alloy layer below graphene layer. The optical image (Fig.
3.32) confirms CVD growth of uniform bilayer islands on the wafer, which is
confirmed by the Raman spectroscopy measurements (Fig. 3.33) demonstrating
a narrow G peak (1600 cm) and comparatively wider 2D peak (2700 cm™)
indicating an intensity ratio l2p/c =1.

3.8 Large area bi-layer CVD graphene growth (~Cu 63 at.%)

After obtaining the composition of ideal Cu at.% as 63 at.% (~37 at.% Ni)
in the best possible bi-layer domain of uniform and coherent growth, the next step
involved sputtering a uniform CuxNiix alloy thin-film (without any gradient) on a test
Si/SiO2 wafer (100 nm SiO2). To do so, we had set the Ni and Cu target bias to
120 W and 115 W respectively and sputtered for 3 hours with rotation of the sample
for obtaining uniform and thick films of >3 um across the wafer (Fig. 3.34). The
sputtering parameters including the bias voltage and reflected power (Table 3.9)
is found to be stable during the process. EDS analysis is performed to confirm the
composition of Cu is ~63 at.% in a radius region of 3 cm at four points along the X
and Y axes (Fig. 3.35). The composition of Cu at these 4 locations starting from
the center of wafer is analyzed to be 62.27, 63.08, 63.58, 63.63, 63.84 which is
nearly matching our estimate of Ni at.% ~63 at.% for bi-layer growth of graphene
film (Table 3.10). The EDS spectra (Figs. 3.36, 3.37) shows a curve with distinctive
Cu and Ni gradient peaks at Ko=7.48 eV and K,=8.046 eV respectively for SEM-
EDS parameters of EHT-20 kV, working distance ~8-10 mm and magnification of
10 kX.
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Table 3.8 EDS analysis of graphene bilayer on CuxNii-x alloy sputtered on Si/SiO2

X CO- y co-
Ni Cu ordinate | ordinate

Location |[atomic%]|atomic%| (mm) (mm)

63 mm 41 59 75 81

63+2mm |44 56 75 83

63+4mm |46 54 75 85

63+6mm 48 52 75 87

63+8mm |50 50 75 389

63+10mm |52 48 75 91

63-2 mm |39 61 75 79

63-4 mm |37 63 75 77

63-6 mm |35 65 75 75

63-8 mm |33 67 75 73

63-10 mm |31 69 75 71
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Cu rich side
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Fig. 3.26 Location of region showing bi-layer growth is ~63mm from Cu rich side
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Fig. 3.27 EDS analysis at 63 mm position (Cu-58.6 at.%, Ni-41.4 at.%)
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EDS spectra (0-10 keV): CuxNil_x graphene bi-layer
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Fig. 3.28 EDS analysis spectra for CuxNiix alloy composition gradient across the
bi-layer region (+/- 10 mm from 63 mm spot) showing Ni and Cu peaks for K, and
Lo lines.

EDS spectra (7-10 keV): CuxNil_x graphene bi-layer
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Fig. 3.29 EDS spectra (Kc) for locations from 53 mm to 73 mm with blow-up of Ni
and Cu peaks
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Fig. 3.30 SEM images for locations every +2 mm from 63 mm

Fig. 3.31 SEM images for locations every -2mm from 63 mm spot
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Fig. 3.32 Domains of bi-layer graphene growth at 58.8 mm from Cu rich side

Counts
g

Ramian shit / ce1
Fig. 3.33 Raman spectra for bi-layer growth at 58.8 mm from the Cu rich side
showing G peak (~1600 cmt) and 2D peak (~2700 cm™)
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Fig. 3.34 Sputtered Cd;Nil-x alloy thin-film with ~63 at.% Cu for bi-layer graphene

Fig. 3.35 Locations for EDS analysis of uniform CuxNiix alloy (~63 at.% Cu)
sputtered on Si/SiO2 substrate for graphene bilayer
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Table 3.9 Sputtering conditions for CuxNii-x alloy with uniform ~63 at.% Cu for bi-
layer growth

Time |Gun#1 (Ni) Gun#3 (Cu)
(mins.)F Volt (V) F Volt (V)
0 120 W|372 115 W|320

R R
0 0
30 120 W|366 0 115 W|315 0
60 120 W|[365 0 115 W315 0
0 0
0 0
0 0
0 0

90 120 W|365 115 W|312
120 120 W|363 115 W|310
150 120 W|360 115 W|308
180 120 W|358 115 W|305

Table 3.10 EDS results for CuxNiix alloy (=63 at.% Cu) sputtered on Si/ SiO2
substrate for graphene bilayer

X co-ordinately co-ordinate
Position Cu at.% |Ni at.% (mm) (mm)
center (#1) |62 38 62 65
+3cm, X (#2)[63 37 92 65
-3cm, X (#3) [64 36 32 65
+3cm, Y (#4)[64 36 62 95
-3cm, Y (#5) [63 37 62 35
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EDS spectra (0-10 keV): Cuxhlil_x - uniform composition >3;m
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Fig. 3.36 EDS spectra 0-10 kV for CuxNiix alloy thin film with uniform ~ 63 at.%
Cu (37% at.% Ni)

EDS spectra (7-10 keV): CuxNil_x-uniform composition >3 um
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Fig. 3.37 EDS spectra (Ko) for CuxNii-x alloy thin film with uniform ~ 63 at.% Cu
(37% at.% Ni)
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CHAPTER FOUR
DISCUSSIONS

4.1  Graphene growth processing control parameters

During sputtering and chemical vapor deposition growth experiments,
there are several processing variables governing the growth of graphene layers.
As mentioned earlier, the deposition of CuxNiix alloy thin film (catalyst) layer by
magnetron sputtering is an essential first step. The composition of CuxNi1x alloy
catalyst layer is governed by the sputtering rate of metal targets and the
corresponding RF sputtering power set for both the metal targets. The thickness
of layer is related to the amount of time the sputtering gun is turned on. For this
experiment on regulating the growth of graphene layers, a thicker CuxNiix alloy
catalyst layer of ~2 um is employed, which enhances the reaction rate for the
chemical reaction involving breaking down of methane (CHa4) into C atoms. The
quality of CuxNi1x alloy catalyst layer grown on Si/SiO2 substrate is dominated by
the sputtering main chamber vacuum pressure, which is typically maintained at
~7x107'T - 1x108 T and the flow rate of inert sputtering gas (Ar) generally kept at
5 standard cubic centimeter per minute (sccm).

The processing variables such as the flow rate of CH4 maintained inside the
thermal CVD chamber during growth of graphene layer is important variable
controlling the domain size and the number of graphene layers. Also, it’s critical
to introduce the inert gas mixture of Ar/Hz before starting CHa4 gas flow to remove
any other gases present in the chamber which can deposit on the surface film
and affect its quality and hinders the growth process. Similarly, the ramping rate
for heating, holding time at high temperature (~1000°C), high temperature
maintained inside the furnace and cooling rate of furnace are equally important
factors for consideration in the CVD graphene growth recipe controlling the size
of domains.

A comparative study on processing temperature control on bilayer graphene
growth coverage conducted at temperatures of 990°C, 975°C and 960°C (Fig.
4.1) demonstrate mostly 2L coverage (~29-33%) at 975°C by reducing
temperature by approximately 15°C from 990°C and overall increment in 2L
coverage by ~70% at 960°C with respect to that at 990°C.

4.2  Proof-of-concept for using gradient catalyst to refine recipe for achieving
bilayer coverage

A wafer with CuesNis7 alloy was sputtered to grow large area graphene

with predominantly bilayer coverage (Fig. 4.2). The distribution of the number of
layers can be identified by optical images (Fig. 4.2(a)). Raman spectra was
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Fig. 4.1 Graphene growth comparison shown by optical images for CVD
synthesis at (a) 990°C, (b) 975°C and (c) 960°C; and bar chart showing fractional
coverage comparison for growth at 960°C, 975°C and 990°C
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Fig. 4.2 Large area bilayer CVD graphene growth (a) optical image comparison
for 1L, 2L and 3L domain coverages, (b) Raman spectra showing 2L coverage
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collected for confirming that the layer thickness with majority coverage is 2L (Fig.
4.2(b)), which is indicated by 2D/G ratio of 1. Large area images were analyzed
for determination of the distribution of layers (Fig. 4.2(c)). Images were converted
to greyscale and the histogram was used for analysis. >70% of the coverage was
bilayer graphene. This is the final proof-of-concept that the combinatorial
sputtering can be used to rapidly identify recipes for graphene layer control.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1 Ending remarks

A combinatorial library of CuxNii-x (copper-nickel) alloy thin films were
successfully co-sputtered on Si/SiO2 substrate for providing a catalyst thin film for
CVD growth of graphene layers. Large area bi-layer growth of graphene was
effectively achieved. In this study, critical processing parameters for CVD
graphene growth were identified. We conclude that temperature of CVD bath
furnace, rate of cooling, precursor gas ratio especially CH4:H2 (methane:
hydrogen) are important for regulating the behavior of Hz for either CVD growth
of graphene or etching of graphene layers. The SiOz2 (silicon di-oxide) layer
thickness is important for controlling the diffusion of Cu (copper) and Si (silicon)
atoms into CVD grown graphene layer. At lower thickness (~70-100 nm), we
observed the formation of copper silicide nanoparticles in the graphene layer.
After increasing the thickness of SiO2 oxide layer to 185 nm, copper-silicide
particle formation reduced. The cooling rate of furnace is important in obtaining
large area domains (or islands) of graphene. A slow and gradual cooling rate of
furnace provided with good CVD growth of graphene layers. Also, by reducing
CVD bath temperature from 990 °C to 975 (-15 °C), we obtained larger-area CVD
growth of graphene domains (increment in bilayer coverage by ~27%-30%), and
from 990 °C to 960 (-30 °C), further increment in bilayer coverage by ~70% was
achieved. Characterization methods of EDS, XRD, optical microscopy and
Raman analysis were useful in obtaining composition (at.%) of CuxNii1x alloy,
identification of phases, imaging of graphene domains and identifying number of
graphene layers grown respectively. We show that graphene layers single layer
growth occurs with x>68.95%, bilayer growth dominates from 47.56%<x<68.95%,
and multilayer (>=3) growth occurs for x<47.56%.
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APPENDIX
l. Analysis of copper silicide dot formation (optical images and EDS)

Fig. 1 Optical images of graphene grains growth on CuxNiz-x alloy on Si/SiO2
substrate

Fig. 2 Optical image of graphene grains growth in regions of high Cu at.% of
CuxNi1x alloy film on Si/SiO2 substrate showing discoloration and small sized
grains-silicide formation
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Copper silicide dot formation

MAG: 10000x HV:5kV  WD: 6.9 mm x: 28 nm

Fig. 3 EDS analysis (area) for silicide dot formation on graphene layer deposited
on CuxNiix alloy film on Si/SiO2 substrate in regions of high Cu at.%
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Fig. 4 EDS analysis spectrum of at.% Ni and Cu in the region of silicide particles
formation
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MAG: 10000x HV:5kV WD:98mm Px: 28 nm

Fig. 5 SEM-EDS analysis for CVD graphene growth on CuxNiix alloy on Si/SiO2
without any dots
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Fig. 6 EDS spectra for cvd graphene growth on CuxNiix alloy on SiO2/Si without
any dots

91



MAG: 10000x HV:5kV WD:6.9mm Px:28 nm |
Fig. 7 EDS analysis for Cu silicide dot (area across single dot) formation on
graphene layer deposited on CuxNii-x alloy film on Si/SiO2 substrate in regions of
high Cu at.%
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Fig. 8 EDS analysis for Cu silicide dot (area across single dot) formation on
graphene layer deposited on CuxNii-x alloy film on Si/SiO2 substrate in regions of
high Cu at.%
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MAG: 10000x HV: SkV WD: 6.9 mm

Fig. 9 EDS analysis (mapping) of Cu silicide formation on graphene layer
deposited on CuxNiix alloy film on Si/SiO2 substrate
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Il. Dewetting issues in graphene layer in regions of very high Cu at. %

As discussed in results, we observe dewetting and steadiness problems
hindering growth of uniform graphene islands especially monolayer graphene
domains in regions predominantly high in Cu at. %, where the CuxNi1x alloy
catalyst is essentially behaving as a thin Cu film. The as-deposited CuxNii-x alloy
catalyst films are transient in nature and ~30% of them tend to disappear during
the growth process due to thermal heating (evaporate out). Consequently,
rupturing (void development) of these metal alloy films occurs because of
dewetting from the Si/SiO2 surfaces. Over a period, formation (cumulation) of
small separate domains of this alloy occurs, if the dewetting process persists for
a longer scale. Additionally, this impedes the graphene source nucleation
process and subsequent development of long chains of C-C atom layers into
graphene due to lack of coherent structure (morphology) of alloy thin film surface
at the base.

The capillary forces lead to generation of voids in the catalyst alloy region and
tend to decrease the free energy at boundary of this alloy film. The high energy
at the boundary of alloy film and Si/SiO2 substrate provides impetus to
accumulation of cavities. The total energy of metal film, Si/SiO2 substrate and
their interface can be decreased by reordering of metal atoms in the CuxNiix
alloy catalyst layer which is typically driven by enhancement of thermal energy
(increasing temperature) into thermal CVD chamber.

Subsequently, due to much higher energy at the interface of alloy catalyst layer
and Si/SiO2 substrate compared to that of surface energies of individual catalyst
layer and Si/SiO2 substrate, the metal films restructure themselves to diminish
the area of interaction between the catalyst film and Si/SiO2 substrate. As a
result, void formation takes place in the thin film of alloy catalyst layer which is
followed by total dewetting of alloy catalyst layer into small separate islands.
Generally, the surface diffusion during the thermal CVD growth process can
generate dewetting at temperatures below the melting point of alloy catalyst
layers. Thus, alloy catalyst layers of higher thickness can prevent dewetting to
occur by decreasing the total energy present at the interface between the alloy
catalyst layer and Si/SiO2 substrate. Additionally, due to the lack of Ni present in
this region, there is no Ni diffusion into the Cu regions to avoid this formation of
voids by dissolution of more C atoms in Ni liquid solution [1].

The generation of void can be related mathematically to average grain size
(radius R), angle of wetting (0) of CuxNii-x alloy catalyst layer to substrate and
thickness of catalyst film (t). It is under the following conditions that void
formation will take place [81].

(R) S 3 sin%0
t 2 —3cos0 + cos30
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Particle dot formation (aggregates) in regions of very high Cu at. % is reported
during the graphene CVD growth process i.e. accretion of particle dots
development in regions of very high Cu at. % > 85%. As per our initial
assumption, formation of copper silicide (SiCux) or silicide oxide (SiOx) is
hypothesized. On further analysis by EDS mapping over the dots, the particle
aggregation is attributed to diffusion of oxygen atoms from the SiO2 oxide film
due to its low thickness. Thus, the thickness of SiO2 layer deposited on Si is an
important process parameter. On increasing thickness of SiO2 from 100 nm to
285 nm, this particle aggregation is reduced.
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[I. Raman spectroscopy and mapping after improving SiOz2 thickness
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Fig. 11 Raman spectra of CVD graphene growth on CuxNii-x alloy deposited on
high quality ~285 nm SiOz2 layer for 5 regions at 1000 °C
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Fig. 12 Raman mapping of CVD graphene growth at 1000°C on CuxNii-x alloy
thin film deposited on high quality ~285 nm SiOz layer on Si wafer-(a) optical
image of 5 regions, (b) coverage-intensity ratio of G peak to that of background
(Ic/background), (C) intensity ratio of 2D to G peaks
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Fig. 13 Raman spectra of CVD graphene growth on high quality ~285 nm SiO2
layer on Si wafer for 5 regions at 1050 °C
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Fig. 14 Raman mapping of CVD graphene growth at 1050°C on CuxNi1-x alloy
thin film deposited on high quality ~285 nm SiO2 layer on Si wafer-(a) optical
image of 5 regions, (b) coverage-intensity ratio of G peak to that of background
(Ic/background), (C) intensity ratio of 2D to G peaks
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