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Abstract

It is observed that the epitaxial graphene layers form on the surface of a 6H-SiC substrate by
electron beam irradiation. The electron beam (e-beam) is irradiated by using a commercial electron
beam evaporator with acceleration voltage 8kV in high vacuum environment. Raman spectrum
measurements show all relevant peaks (D, G, 2D) clearly, confirming the formation of graphene
layers. The structural analysis is confirmed by using TEM (Transmission Electron Microscopy). The
result of formed graphene layers thickness measurement is verified 7 ~ 8 layers of graphene. It is
checked out that thickness of 1 layer is approximately 0.32 nm. The elemental composition of the
epitaxial graphene layer is measured with AES (Auger Electron Spectroscopy) and XPS (X-ray
Photoelectron Spectroscopy). The sheet resistance of the epitaxial graphene layer which is measured
by forming CTLM (Circular Transmission Line Model) patterns on the irradiated 6H-SiC surface is

found to decrease at least 1000 times, compared with the original 6H-SiC substrate. The sheet

resistance and contact resistance of graphene layer are 6.7 kQ/[] and 0.18 kQ respectively. Also, the

quality of the graphene layer in terms of Raman spectrum and sheet resistance is found to be

improved noticeably as the electron fluence (e/cm?) is increased by making the irradiation time longer.
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Chapter |

Introduction

Silicon Carbide (SiC) is a compound of silicon and carbon with chemical formula SiC. SiC is a
wide gap semiconductor material with excellent electronic and physical properties such as high
electron draft velocity, high breakdown field and high thermal conductivity. These properties make
SiC promising for certain extreme applications including high voltage, high power and high

temperature devices.

Graphene is an allotrope of carbon. Its structure is one-atom-thick planar sheets of sp>-bonded
carbon atoms that are densely packed in a honeycomb crystal lattice. It is a promising electronic
material for future nano-electronics, due to its high carrier mobility and high Fermi velocity compared

to conventional semiconductors.

This chapter demonstrates that formation of graphene layers on the SiC surface by using electron
beam (e-beam) irradiation. And it will be introduced structural, compositional and electrical analysis

of formed graphene layers on the SiC substrate.
1.1. Silicon Carbide

SiC materials are used in a variety of ways. Its powder has been mass-produced since 1893 for use
as an abrasive. Grains of SiC can be bonded together by sintering to form very hard ceramics which
are widely used in applications requiring high durability, such as car brakes, clutches and ceramic
plates in bulletproof vests. Electronic applications of SiC as light emitting diodes (LEDs) and
detectors were first demonstrated around 1907, and today it is widely used in high-temperature, high-
voltage semiconductor electronics. It already plays an important role in the modern electronics
industry. It is available at the moment from different suppliers has been considerably improved over
the last years.

1.1.1. Theoretical Background

SiC is the only chemical compound of carbon and silicon. It was originally produced by a high
temperature electro-chemical reaction of sand and carbon. It is an excellent abrasive and has been
produced and made into grinding wheels and other abrasive products for over one hundred years.
Today it has been developed into a high quality technical grade ceramic with very good mechanical

properties. It is used in grinding wheel, seal ring, ballistic vest, ceramics, and numerous high-



performance applications. It can also be applied for electrical devices such as, power MOS-FET and

LED. And it is used as semiconductor equipment components. There are heating elements and

susceptor and so on [Fig. 1-1].

Power MOSFET

\ Grinding Wheel

=

Seal Ring

Heating Element

Silicon Carbide \

)
/-\/\/\

Ca?

Susceptor

Ballistic Vest

Moissanite Jewelry

Figure 1-1: Applications of SiC material

Jons Jacob Berzelius, who is mostly known for his discovery of Si, was the first person who
synthesized SiC. In 1824, he published a paper in which he assumed that there was a chemical bond
between Silicon and Carbon [1][2]. A few years later, Acheson produced suitable minerals that could
substitute diamond as an abrasive and cutting material. He mixed coke and silica in a furnace and
found a crystalline product characterized by a great hardness, refractability, and infusibility, which
was shown to be a compound of Silicon and Carbon. Acheson called his product ‘carborundum’ and
name it the proper formula: SiC. Moissan found the first natural SiC crystal in a meteorite in 1905.
That is why mineralogists call natural SiC moissanite. In 1907, H.J. Round produced the first Light
Emitting Diode (LED) by applying voltage on contacts of SiC crystal, observing yellow, green and
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orange luminescence at the substrate. Five years later, Baumhauer used the word ‘poly-type’ to
describe the ability of SiC to crystallise into different forms varying only in their stacking order in one
direction. As semiconductor material, several attempts were considered. In 1955, Lely presented a
new concept of growing high quality SiC crystals. Lely created a mini-environment for the growth of
crystals similar to the growth in the voids in the Acheson process. This created renewed interest in
SiC as a semiconductor material and, at that time, SiC was even more popular than Si and Ge. This
would soon change, as we all know, mainly due to the difficulty in obtaining high-purity SiC wafers.
In 1978, Tairov and Tsvetkov made a discovery of comparable dimension and importance to the
Acheson process. They managed to produce SiC high purity substrates by seeded sublimation growth.
The SiC wafer was born. Two years later was the ability to grow epitaxial SiC on Si substrates. In
1987, high-quality epitaxy was performed at low temperatures on off-axis substrates. Cree Inc. was
founded in 1989. This company manufactured the first commercial blue SiC LED and began to sell
SiC wafers. In the same time, Cree produced demonstrators for power devices and high frequency
devices. Along with better epitaxy, continuous improvement of the diameter and quality of the wafers,
and device evolution is still under way. The future for SiC looks very bright now that commercial

products have hit the marketplace.

SiC has been used in the electronic fields extensively. Especially, there are remarkable in the power
electronic devices and LED fields. It is used for ultrafast, high-voltage Schottky diodes, MOSFETSs
and high-temperature thyristors for high-power switching [3][4]. As a material, its uses were initially
limited to grinding and polishing. But material quality, size, and cost have significantly improved over
just the last several years to make it a realizable replacement for Silicon in power devices.
Commercial uses of SiC have happened over just the last few years. The limiting factor as with all
new techniques has been cost. Cree has been utilizing SiC as a semiconductor material in the
production of devices and LEDs. The defect density has been reduced to a low enough level to allow
the fabrication of large area power devices with an acceptable yield. With wafer size going up and
defect densities going down, the possible device size is growing rapidly. Simultaneously, material
costs are dropping and a true competition with Silicon. SiC has several unique properties that lend
themselves to the development of high voltage devices. SiC has a strong advantage over Si and GaAs.
The thermal conductivity of SiC is several times that of GaAs and over three times that of Si. In fact,
at room temperature, 4H-SiC has a higher thermal conductivity than Copper. The higher breakdown
field of SiC is almost nine times the breakdown field of Si. The bandgap is defined as the energy
difference between the valence band and the conduction band in the material. In wide bandgap
materials (like SiC), the thermal generation of current flow is much small than in Si. This leads to the

ability to operate at much higher temperatures than Si counterparts with lower leakage current.



SiC is composed of tetrahedron of Silicon and Carbon atoms with strong bonds in the crystal lattice.
This produces a very hard and strong material. In air, it forms a protective silicon oxide coating at

1200°C and is able to be used up to 1600°C. The high thermal conductivity coupled with low thermal

expansion and high strength give this material exceptional thermal shock resistant qualities. SiC
ceramics with little or no grain boundary impurities maintain their strength to very high temperatures,

approaching 1600°C with no strength loss. Chemical purity, resistance to chemical attack at

temperature, and strength retention at high temperatures has made this material very popular as wafer
tray supports and paddles in semiconductor furnaces. The electrical conduction of the material has
lead to its use in resistance heating elements for electric furnaces, and as a key component in

thermistors (temperature variable resistors) and in varistors (voltage variable resistors).

The history of SiC LEDs is quite remarkable. SiC has been widely used as material for
manufacturing yellow, red, green LED and optical devices [5]. The SiC LED technology has been
investigated for improvement of their operational characteristics. The first LED application was
demonstrated in 1907 using SiC and the first commercial LEDs were again based on SiC. Yellow
LEDs made from 3C-SiC were manufactured in the Soviet Union in the 1970s. and blue ones (6H-SiC)
worldwide in the 1980s. SiC LED first became a significant commercial success when CREE got
them on the market in the early 1990s. CREE’s CB series of super bright LED are a new generation of
solid-state LED emitters, which combine highly efficient InGaN with Cree’s SiC substrate. Cree’s
main LED products now have SiC as a substrate for GaN or InGaN as active ingredients, and emit
blue as well as green and blue-green luminescence. SiC is one of the important LED components. It is
a popular substrate for growing GaN devices, and it also serves as a heat spreader in high-power
LEDs.

1.1.2. Structure of Silicon Carbide

Many compound materials present polymorphism, that is they can exist in different structures
called polymorphs. SiC is unique in this regard as more than 250 polymorphs of silicon carbide had
been identified. Some of them having a lattice constant as long as 301.5 nm, about one thousand times

the usual SiC lattice spacings.

The polymorphs of SiC include various amorphous phases observed in thin films and fibers, as
well as a large family of similar crystalline structures called polytypes [6][7]. They are transitions of
the same chemical compound that are equivalent in two dimensions and differ in the third. Thus, they
can be showed as layers stacked in a certain sequence. The atoms of those layers can be arranged in

three configurations, A, B or C to achieve closest packing. The stacking sequence of those
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compositions defines the crystal structure, where the unit cell is the shortest periodically repeated
sequence of the stacking sequence. This depiction is not unique to SiC, but also applies to other binary
tetrahedral materials, such as Zinc Oxide and Cadmium Sulfide. The polymorphism of SiC is
characterized by a large family of similar crystalline structures called polytypes. They are variations
of the same chemical compound that are identical in two dimensions and differ in the third. Thus, they
can be viewed as layers stacked in a certain sequence. Alpha silicon carbide (a-SiC) is the most
commonly presented polymorph [Fig. 1-2]. It is built at temperatures greater than 1700 °C and has a
hexagonal crystal structure (similar to Wurtzite). The beta transformation (B-SiC), with a zinc blende
crystal structure (similar to Diamond), is formed at temperatures below 1700 °C [7][8]. Until recently,
the beta form has had relatively few commercial uses, although there is now increasing interest in its
use as a support for heterogeneous catalysts, owing to its higher surface area compared to the alpha
form. The high sublimation temperature of SiC makes it useful for bearings and furnace parts at

approximately 2700 °C. It does not melt at any known pressure. It is also highly inert chemically.

There is currently much interest in its use as a semiconductor material in electronics, where its high
thermal conductivity, high electric field breakdown strength and high maximum current density make
it more promising than silicon for high powered devices. It also has a very low coefficient of thermal
expansion and experiences no phase transitions that would cause discontinuities in thermal expansion

[91[10].

4H-5iC

Figure 1-2: Structure of SiC



1.1.3. Major SiC Polytypes

SiC is the hybridization of silicon and carbon atoms. Both silicon and carbon atoms have sp* hybrid
orbits, which form tetrahedrals bonding by taking combination of atomic orbitals of other atoms. The
Si-C bonds in SiC are formed by overlapping each sp® hybrid orbital of carbon atom with a
corresponding orbital of four neighboring silicon atoms.

Polytypes of typically commercialized SiC are 3C-SiC, 4H-SiC and 6H-SiC [11][12]. The 3C-SiC
polytype is with 3 stacking layers, ABC/ABC..., and with cubic crystal structure. There are 4H-SiC
polytype with 4 stacking layers, ABCB/ABCB..., and with hexagonal crystal structure and 6H-SiC
polytype with 6 stacking layers, ABCACB/ABCACB..., and with hexagonal crystal structure [Fig. 1-
3]. SiC is in fact the material in which polytypism was first discovered and more than 250 polytypes
of SiC have been reported up to now. In the case of SiC, the basis is the Si-C bilayer with silicon and
carbon atoms separated by 1.89 A. The Si-C pairs in one bilayer (basal plane) form the hexagonal
close-packed structure. The crystal structure of SiC is actually found to be three-dimensional close-
packing. In this case, there are two same ways to stack one hexagonal basal plane on top of another
one. Suppose that the Si-C pairs in the first basal plane occupy the locations depicted as ‘A’ in [Fig. 1-
2] where Si atom is drawn to be larger than C atom since Si-C bond is expected to be more covalent.
Then, in the second basal plane, they can occupy either ‘B’ or ‘C’ positions to be close-packed along
the stacking direction. If ‘B’ positions are here occupied, then Si-C pairs in the third basal plane can
occupy either ‘A’ or ‘C’ position. Accordingly, by stacking Si-C bilayers continuously by following
this rule, it is possible to have an infinite number of different stacking sequences of basal planes, each
resulting in a different crystal structure. In this type of three-dimensional close-packed structure, a Si

atom is bonded to the nearest four C atoms tetrahedrally and in reverse.

One case in the basal plane (Si-C bilayer) stacking is the one where the stacking sequence is
ABC/ABC in the classical ABC notational system. The triangle in stacking sequence shown in the
figure represent the projection of the tetrahedron composed of one Si atom and four nearest-neighbor
C atoms on the plane. The central Si atom and two C atoms are in fact in the plane. The other two C
atoms are located away from the plane on both sides by the half of the smallest lattice vector in the
hexagonal basal plane and the black closed circle depicted with a shorter bond (solid black line)
length to the Si atom represent the projection of these two C atoms on the plane. The crystal structure
with this ABC stacking sequence is found to be pure cubic, in other words, a zinc-blende structure
consisting of two interpenetrating face-centered cubic (fcc) lattices. This polytype is usually named
3C following the Ramsdell notation where the front number represent the number of layers in the unit
cell and the following letter specifies the lattice type. The C signify ‘cubic’ and the H is ‘hexagonal’.
It is sometimes called B-SiC because of its similarity with B-ZnS (zinc sulfide) that originated the
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name of ‘zinc-blende’. This 3C polytype can also be denoted as in the Hagg notation describing a
polytype by specifying the relationship between successive layers, i.e., cyclic stackings (AB, BC, and
CA) denoted with the sign and anticyclic stackings (AC, CB, and BA) with the sign. The unit cell of
3C-SiC is shown with the distribution of the Si and C atoms inside it in [Fig. 1-3]. The stacking
direction of the basal planes perpendicular to the planes is in fact [111] direction of the cubic unit cell
of 3C-SiC as indicated in the figure [13].

Another extreme case in the stacking is when the stacking sequence is AB/AB illustrated in [Fig. 1-
2], inducing a pure hexagonal wurtzite structure. This polytype is labeled 2H in the Ramsdell notation
and in the Hagg notation. Its unit cell and the distribution of the base atoms are represented in [Fig. 1-
2]. One difference of pure cubic and hexagonal stackings is the relative orientation of the respective
bonds of Si and C atoms in a bilayer to C and Si atoms in the adjacent layers. In the cubic stacking,
the bonds are staggered when they are seen from the stacking direction while the bonds in the
hexagonal stacking are eclipsed. Other polytypes are essentially combinations of the cubic and

hexagonal stackings.

The 4H- and 6H-SiC are the most common polytypes, and single crystal wafers of these polytypes
are currently available and hence all recent research for making commercial devices out of SiC are
focused on these polytypes. The stacking sequence of 4H-SiC is written as ABCB/ABCB and that of
6H-SiC is ABCACB/ABCACB. The corresponding Hagg notations are 4H and 6H respectively. Since
the SiC polytypes are mixtures of cubic and hexagonal stackings, a quantity defined as the
hexagonality H representing the fraction of hexagonal stackings out of all the stackings (cubic +
hexagonal) in a polytype is used frequently to describe how much the polytype is cubic-like or
hexagonal-like in structural sense. For instance, 4H-SiC has the hexagonality of 50 % and 6H-SiC has
33%. As is obvious from the definition, the hexagonality of 2H-SiC is 100 % and that of 3C-SiC is
0 %. It is naturally expected that a polytype with a smaller H should be closer to 3C, that is, more
cubic-like than one with a larger H in other material properties as well as in structure, and this is

generally true for most of the polytypes.



6H-SIC

SiC

4H

3C-SiC

Figure 1-3: Structure of major SiC polytypes



1.1.4. Properties of Silicon Carbide

Pure SiC is colorless. The brown to black color of industrial product results from iron impurities.
The rainbow-like luster of the crystals is caused by a passivation layer of silicon dioxide that forms on
the surface [14]. The high sublimation temperature of SiC (approximately 2700 °C) makes it useful
for bearings and furnace parts. Silicon carbide does not melt at any known pressure. It is also highly
inert chemically. There is currently much interest in its use as a semiconductor material in electronics,
where its high thermal conductivity, high electric field breakdown strength and high maximum current
density make it more promising than silicon for high-powered devices. SiC also has a very low
coefficient of thermal expansion and experiences no phase transitions that would cause discontinuities
in thermal expansion. The material characteristics of SiC in structural, mechanical, thermal, and
electrical aspects have been described in great detail and compared well with other materials in

several references.

The electronic band structures of the SiC polytypes will be mainly discussed since they are the key
physical substances together with the polytypism of SiC itself underlying the experimental
observations and measurements for the SiC sample systems addressed in this work [15][16]. Those for
4H- and 6H-SiC which are in between the two extreme cases in structure are measured to be 3.265 eV
and 3.023 eV respectively. The first-principle calculations of band structures of several polytypes of
SiC also have been carried out by many groups. The calculated band gaps in fact vary somewhat
considerably depending on the calculation method. For instance, density functional theory with the
local density approximation is known to underestimate band gaps. But the overall band structures are
very similar from all the calculations. According to the calculations and the experimental supports, the
band gaps of SiC polytypes are indirect. This means that the conduction band minimum of each
polytype occurs at non-zero crystal momentum, shifted with respect to the valence band maximum
that occurs at the Brillouin zone center. The important materials-related problems affecting the
performance of all SiC devices and their associated components are the defects and the undesired
impurities which become incorporated in the homoepitaxial SiC layers in which all devices are
currently fabricated. The reverse blocking leakage current in high voltage Schottky diodes is three
orders of magnitude higher than theoretically predicted as a result of defects in the epi-layer. The
formation of micro-pipes, stepped screw dislocations, interacting dislocation loops, polyganized
networks of dislocations and growth twins as well as stacking faults during the sublimation growth of
SiC boules are likely the root cause of some of the defects in the epitaxial layer. However, with the
exception of the micro-pipes, the types and concentrations of line, planar and other three-dimensional
defects and their effect on the performance of devices and individual device components in the

important epi-layer have not been similarly determined. As such, it is not known which of the latter
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defects actually are translated from the wafer into the epi-layer during its deposition and, therefore,
should be vigorously controlled during boule growth and which defects are generated during
deposition. The relatively uncontrolled occurrence of the n-type donor of N and deep level
compensating impurities such as Ti in the epilayer have been identified via secondary ion mass
spectrometry, photoluminescence and cathodoluminescence investigations. However, the origins of
essentially all of these impurities are unknown. For high-temperature, -power and -frequency devices,
it is highly desirable to control or eliminate these impurities such as to attain undoped films with
uncompensated carrier concentrations of 10" cm™ two orders of magnitude lower than what is, at
present, normally achieved in standard commercial depositions. The formation of low resistivity and
thermally stable ohmic contacts to 4H- and 6H-SiC remains a serious problem in the development of

SiC device technology [17]. For SiC power devices to have an advantage over Si, the contact

resistivities must be below | X 10° W-cm? as noted by Alok, et dl. In addition, the electrical

characterization of state-of-the-art SiC films depends on the ability to fabricate ohmic contacts on
material with low carrier concentrations. Therefore, better ohmic contacts are needed both for
improving device performance and for improving the quality of films which can be grown. The
thermal stability of ohmic contacts is of particular concern for p-type SiC, which have traditionally
relied on low melting point Al or Al alloys to dope the SiC surface below the contacts. These
materials are not suitable for devices intended for high-temperature operation. While the fabrication of
ohmic contacts to SiC has also normally depended on the attainment of a very heavily-doped near-
surface region, the introduction during deposition of high levels of dopants in the near surface device
region of the epi-layer prior to the deposition of the contact or by ion implantation through the contact

makes probable the introduction of point and line defects as a result of the induced strain in the lattice.

Silicon carbide is a semiconductor, which can be doped n-type by nitrogen or phosphorus and p-
type by aluminium, boron, gallium or beryllium. Metallic conductivity has been achieved by heavy
doping with boron, aluminium or nitrogen [18]. Superconductivity has been detected in 3C-SiC:Al,
3C-SiC:B and 6H-SiC:B at the same temperature of 1.5 K. A crucial difference is however observed
for the magnetic field behavior between aluminium and boron doping. In attempt to explain this
difference, it was noted that silicon positions are more important than carbon positions for
superconductivity in SiC. Whereas boron substitutes carbon in SiC, Al substitutes Si sites. Therefore,
Al and B see different environment that might explain different properties of SiC:Al and SiC:B. There

are properties of major SiC polytypes as follows.
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Property 3C-SiC 4H-SiC 6H-SIC

Lattice Constant (A) 4.3596 3.073 3.073

Bandgap (eV
gap (eV) 2.3 3.3 2.9
at 300K
Melting poing (°C) > 1800 > 1800 > 1800
Electron Mobility
) 1000
(cm?/Ves)

Breakdown field
5 4 4 4
(10™ Vicm)
Sat. Elect. Drift Velocity
. 2.5 2.5 2.5
(10°cm/s)

Table 1-1: Properties of major SiC polytypes
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1.2. Graphene

Graphene is a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D)
honeycomb lattice, and is a basic building block for graphitic materials of all other dimensionalities. It
can be wrapped up into OD fullerenes, rolled into 1D nanotubes or stacked into 3D graphite.

1.2.1. Definition & Application

The graphene is a substance which has a single-layer crystal lattice of carbon atoms, which is
unusual since it is different from all of the materials of its kind [19][20]. Several researchers have
identified a way of making this substance, which allows them to use it in various fields and especially
for the high-speed electronic devices. Graphene is defined as a one atom thin sheet of carbon atoms
arranged in a Hexagonal format or a flat monolayer of carbon atoms that are tightly packed into a 2D
honeycomb lattice. In October 2010, two University of Manchester (U.K.) scientists, Andre Geim and
Konstantin Novolselov, were awarded the 2010 Nobel Prize in physics for their research on graphene.
Graphene is a one-atom-thick sheet of carbon whose strength, flexibility, and electrical conductivity
have opened up new horizons for high-energy particle physics research and electronic, optical, and
energy applications. Graphene oxide, a single-atomic-layered material made by reacting graphite
powders with strong oxidizing agents, has the ability to easily convert into graphene a low-cost
carbon-based transparent and flexible electronics. Graphene oxide has been known in the scientific
world for more than a century and was largely described as hydrophilic, or attracted to water. These
graphene oxide sheets behave like surfactants, the chemicals in soap and shampoo that make stains

disperse in water. Graphene can be used in various ways [Fig. 1-4].

- Organically doped graphene-based solar cell achieves new efficiency record : Researchers
from the University of Florida have managed to develop the most efficient graphene based
solar cell to date. This was achieved by doping it with an organic material, and it increases
the efficiency by more than for times (from 1.9 % to 8.6 %). The researchers used a cheap
and environmentally stable organic coating layer to reduce the graphene electrical resistance
by adjusting the Fermi level. In the new solar cells, a single layer of graphene placed on top
of a silicon wafer serves as a Schottky junction, the main component of simple photovoltaic

devices called Schottky junction solar cells.

- Graphene based anti-corrosion coating shows great promise : The University at Buffalo
developed a new graphene-based anti-corrosion coatings. These new coatings are effective
and eco-friendly as opposed to currently used hexavalent chromium (which is a potential

carcinogen) based coating. Graphene’s conductive and hydrophobic properties are helpful in
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preventing corrosion by repelling water and inhibiting electro-chemical reactions. The
graphene-based composite can be fine-tuned for use in factories specializing in chrome
electroplating.

Samsung develops a new graphene-based transistor : Samsung’s Advanced Institute of
Technology have developed a new graphene-silicon Schottky barrier that enables graphene to
switch electric current on and off. The researchers explored potential logic device
applications based on this technology.

Quantum Dots and graphene can create highly sensitive photodetectors : The Institute of
Photonic Sciences (ICFO) in Barcelona, Spain have developed a highly sensitive
photodetector that uses graphene and quantum dots. They say that the new device is a billion
times more sensitive to light than previous graphene-based photodetectors because of the
guantum dots. A photodetector such as this can be used in light sensors, solar cells, infrared
cameras and biomedical imaging. Graphene’s external quantum efficiency (EQE) is low as it
absorbs less than 3% of the light that falls on it. It is also quite difficult to actually extract the
electrical current from the graphene. Adding the quantum dots on the graphene sheet helps

both of these issues.

Graphene and Cobalt used to make a spin-controlled material : The University of South
Florida and the University of Kentucky managed to create a material the spin of the electrons
can be set in a controlled manner. The team suggests using cobalt atoms on a graphene sheet.
The researchers have used state-of-the-art theoretical computations to prove this, they haven't

actually made the material and controlled the spin.

Graphene based ITO replacement : The UK's University of Exeter discovered a new
graphene based material that can be used as an ITO replacement - it's a lightweight, flexible
and transparent conductor. In fact it's more flexible than ITO. To create the new material, the
researchers compressed ferric chloride molecules between two sheets of graphene. They are

also working on a spray-on version of the material.

Graphene behaves like a laser when excited with short light pulses : The lowa State
University discovered that graphene behaves like a laser when excited with very short femto
second light pulses. Graphene has been shown to have two technologically important
properties — population inversion of electrons and optical gain. This means that graphene can
be used to make a variety of optoelectronics devices, including broadband optical amplifiers,

high-speed modulators, and absorbers for telecommunications and ultra fast lasers.
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The properties of graphene, carbon sheets that are only one atom thick, have caused researchers
and companies to consider using this material in several fields. It is a rapidly rising star on the horizon
of materials science and condensed-matter physics. This strictly two-dimensional material exhibits
exceptionally high crystal and electronic quality.
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Figure 1-4: Applications of graphene
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1.2.2. Properties of Graphene

The atomic structure of isolated, single-layer graphene was studied by transmission electron
microscopy on sheets of graphene suspended between bars of a metallic grid [21]. Electron diffraction
patterns showed the expected hexagonal lattice of graphene. Graphene processed using lithographic
techniques is covered by photoresist residue, which must be cleaned to obtain atomic-resolution
images [22]. Graphene sheets in solid form (density > 1 g/cm3) usually show evidence in diffraction
for graphite's 0.34 nm layering. This is true even of some single-walled carbon nanostructures.[23]
However, unlayered graphene with only rings has been found in the core of presolar graphite onions.
Transmission electron microscope studies show faceting at defects in flat graphene sheets, and suggest

a possible role in this unlayered - graphene for two-dimensional crystallization from a melt.

Graphene differs from most conventional three-dimensional materials. Intrinsic graphene is a semi-
metal or zero-gap semiconductor. Understanding the electronic structure of graphene is the starting
point for finding the band structure of graphite [24][25]. The E-k relation is linear for low energies
near the six corners of the two-dimensional hexagonal Brillouin zone, leading to zero effective mass
for electrons and holes. Due to this linear dispersion relation at low energies, electrons and holes near
these six points, two of which are inequivalent, behave like relativistic particles described by the
Dirac equation for spin 1/2 particles [26][27]. Hence, the electrons and holes are called Dirac
fermions, and the six corners of the Brillouin zone are called the Dirac points. Experimental results

from transport measurements show that graphene has a remarkably high electron mobility at room

temperature, with reported values in excess of 15,000 cm?%/Ves [19]. Additionally, the symmetry of the

experimentally measured conductance indicates that the mobilities for holes and electrons should be
nearly the same. The mobility is nearly independent of temperature between 10 K and 100 K, [28][29]

which implies that the dominant scattering mechanism is defect scattering. Scattering by the acoustic
phonons of graphene places intrinsic limits on the room temperature mobility to 200,000 cm?/Ves at a
carrier density of 10* cm2 [30][31]. The corresponding resistivity of the graphene sheet would be
10°® Qecm. This is less than the resistivity of silver, the lowest resistivity substance known at room

temperature. However, for graphene on SiO? substrates, scattering of electrons by optical phonons of

the substrate is a larger effect at room temperature than scattering by graphene’s own phonons. This

limits the mobility to 40,000 cm?/Ves. Recent experiments have probed the influence of chemical

dopants on the carrier mobility in graphene [32]. The doped graphene with various gaseous species
(some acceptors, some donors), and found the initial undoped state of a graphene structure can be

recovered by gently heating the graphene in vacuum. They reported that even for chemical dopant
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concentrations in excess of 10> cm? there is no observable change in the carrier mobility. It doped
graphene with potassium in ultra high vacuum at low temperature. It was found that potassium ions
act as expected for charged impurities in graphene, and can reduce the mobility 20 fold [33]. The
mobility reduction is reversible on heating the graphene to remove the potassium. Due to its two-
dimensional property, charge fractionalization is thought to occur in graphene. It may therefore be a
suitable material for the construction of quantum computers using anyonic circuits [34].

Graphene's unique optical properties produce an unexpectedly high opacity for an atomic
monolayer, with a startlingly simple value. It absorbs white light. This is a consequence of the unusual
low-energy electronic structure of monolayer graphene that features electron and hole conical bands
meeting each other at the Dirac point which is qualitatively different from more common quadratic
massive bands [35]. Based on the Slonczewski-Weiss-McClure band model of graphite, the
interatomic distance, hopping value and frequency cancel when the optical conductance is calculated
using the Fresnel equations in the thin-film limit. This has been confirmed experimentally, but the
measurement is not precise enough to improve on other techniques for determining the fine-structure
constant. The band gap of graphene can be tuned from 0 to 0.25 eV (about 5 micrometre wavelength)
by applying voltage to a dual-gate bilayer graphene field-effect transistor at room temperature [36].
The optical response of graphene nanoribbons has also been shown to be tunable into the terahertz
regime by an applied magnetic field [37]. It has been shown that graphene / graphene oxide system

exhibits electrochromic behavior, allowing tuning of both linear and ultrafast optical properties [38].

Bilayer graphene is two layers of graphene and it has been shown to have interesting electrical
properties, such as the quantum hall effect, a tunable band gap, and potential for excitonic
condensation [39] making them promising candidates for optoelectronic and nanoelectronic
applications. Bilayer graphene typically can be found either in twisted configurations where two layer
are rotated relative to each other or a graphitic Bernal stacked configurations where half the atoms in
one layer lie atop half the atoms in the other. Stacking order and orientation greatly influence the
optical and electronic properties of bilayer graphene. One way to synthesize bilayer graphene is via
chemical vapor deposition, and can produce large area bilayer regions that almost exclusively

conform to a Bernal stack geometry [40].
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1.2.3. Process Methods

Graphene is an isolated atomic plane of graphite. Graphene planes become even better separated in
intercalated graphite compounds. In 2004, physicists at the University of Manchester and the Institute
for Microelectronics Technology, Chernogolovka, Russia, first isolated individual graphene planes by
using adhesive tape [20]. They also measured electronic properties of the obtained flakes and showed
their unique properties. In 2005 the same Manchester Geim group together with the Philip Kim group
from Columbia University demonstrated that quasiparticles in graphene were massless Dirac fermions.
These discoveries led to an explosion of interest in graphene. Since then, hundreds of researchers have

entered the area, resulting in an extensive search for relevant earlier papers [Fig. 1-5].

- (a) Exfoliated graphene : In 2004, the Manchester group obtained graphene by micro-
mechanical alleviation of graphite. They used adhesive tape to repeatedly split graphite
crystals into increasingly thinner pieces. The tape with attached optically transparent flakes
was dissolved in acetone, and, after a few further steps, the flakes including monolayers were
sedimented on a silicon wafer. Individual atomic planes were then hunted in an optical
microscope. A year later, the researchers simplified the technique and started using dry
deposition, avoiding the stage when graphene floated in a liquid. Relatively large crystallites
(first, only a few micrometres in size but, eventually, larger than 1 mm and visible by the
naked eye) were obtained by the technique. It is often referred to as a scotch tape or drawing
method. The latter name appeared because the dry deposition resembles drawing with a piece
of graphite [21][41][42].

- (b) Epitaxial growth on SiC : Another method of obtaining graphene is to heat silicon carbide
(SiC) to high temperatures (>1100 °C) to reduce it to graphene [43][44]. This process
produces epitaxial graphene with dimensions dependent upon the size of the SiC substrate
(wafer). The face of the SiC used for graphene formation, silicon- or carbon-terminated,
highly influences the thickness, mobility and carrier density of the graphene.Many important
graphene properties have been identified in graphene produced by this method. Weak anti-
localization is observed in this material and not in exfoliated graphene produced by the
pencil-trace method. Extremely large, temperature-independent mobilities have been
observed in SiC / epitaxial graphene. They approach those in exfoliated graphene placed on
silicon oxide but still much lower than mobilities in suspended graphene produced by the
drawing method. Epitaxial graphene on SiC can be patterned using standard microelectronics
methods. The possibility of large integrated electronics on SiC / epitaxial graphene was first
proposed in 2004, and a patent for graphene-based electronics was filed provisionally in
2003 and issued in 2006 [45]. Since then, important advances have been made. Band gap of
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the epitaxial graphene can be tuned by irradiating with laser beams; modified graphene has a
lot of advantages in device application.

(c) Epitaxial growth on metal substrates : This method uses source and the atomic structure
of a metal substrate to seed the growth of the graphene (epitaxial growth). Graphene grown
on ruthenium doesn't typically yield a sample with a uniform thickness of graphene layers,
and bonding between the bottom graphene layer and the substrate may affect the properties
of the carbon layers. On the other hand, graphene grown on iridium is very weakly bonded,
uniform in thickness, and can be made highly ordered. Like on many other substrates,
graphene on iridium is slightly rippled. Due to the long-range order of these ripples,
generation of mini-gaps in the electronic band-structure (Dirac cone) becomes visible [46].
High-quality sheets of few-layer graphene exceeding 1 cm?” (0.2 sq) in area have been
synthesized via chemical vapor deposition on thin nickel films with methane as a carbon
source. These sheets have been successfully transferred to various substrates, demonstrating

viability for numerous electronic applications [47][48].
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Figure 1-5: Methods of graphene growth
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1.3. Graphene on Silicon Carbide

SiC is one of the great potential semiconductor materials under harsh environments, because it has
outstanding high temperature properties, chemical stability, and excellent radiation resistance [49].
Graphene, a single layer of carbon atoms from graphite, is a zero band gap semiconductor, has the
ultimate two dimensional electron systems, possess many wonderful properties. To obtain graphene, it
was used to mechanical exfoliation, chemical oxide reduction or exfoliation, and epitaxial graphene
grown on SiC and metals [19]. However, the fabrication of quality graphene on a large scale is still
difficult.

In this paper, we report an easy and controlled method by irradiating the electron beam (e-beam) on
a SiC substrate. This research will propose a new method for graphene’s formation. Graphene has
been known for decades in many forms (mechanical exfoliation of graphite, epitaxially on SiC and
metals) and a number of its properties were measured or inferred from related materials, like graphite
and carbon nanotubes. But only recently was its potential as an electronic material recognized.
Formation of graphene on silicon carbide has played a pivotal role in this development. In contrast to
other candidate graphene fabrication methods, formation of graphene on SiC is produced in a simple,
high-temperature annealing step on single-crystal SiC, which itself is an important electronic material.
Subsequent graphene processing is straightforward and compatible with microelectronics procedures.
In this letter, we introduce a relatively simple and well-controllable method to induce a large-scale
epitaxial graphene with affordable electrical properties by directly irradiating e-beam on a SiC

substrate in high vacuum environment (~107° Torr). In the common thermal annealing process to form

graphene , the entire SiC substrate is heated to a high temperature around 1300-1600 °C. Hence atoms

sublimation could occur further deeper into the substrate from the surface. Differently from this

process, we irradiated a continuous e-beam directly on SiC substrate. The merit of this process is low-

temperature relatively. The temperature of SiC substrate surface was found to rise up to ~670 °C in

the IR pyrometer reading during e-beam irradiation.

A new method is as follows [Fig. 1-6]. The process is formation of graphene lay by using electron
beam irradiation. We obtain quality graphene layers and investigate formed graphene’s properties on a
SiC substrate. It is found that the electron beam irradiation can appear the sublimation of Si from the
surface of a SiC substrate. The changes on the surface of a SiC substrate are observed after e-beam
irradiation. In the e-beam irradiation process, the e-beam energy is injected towards the surface of a
SiC substrate and being dispersed on the surface of a SiC substrate. After all, there is a sublimation of

Si atoms occurs and only remain C atoms on the surface of a SiC substrate.
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2 2

(a) Si faced 6H-SiC Substrate (b) E-beam Irradiation
(c) Selective Si Sublimation (d) Epitaxial Graphene Formation

Figure 1-6: Schematic diagrams showing the formation of epitaxial graphene on 6H-SiC
substrate by irradiating e-beam. (a) 6H-SiC substrate before e-beam irradiation. (b) The ealy
stage of e-beam irradiation with many small graphene islands distributed randomly on the
sample surface. (c) The lateral growth of the formed graphene islands as e-beam irradiation
time increases. (d) The 6H-SiC substrate after e-beam irradiation is completed where epitaxial

graphene layers cover most of the e-beam irradiated area.
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Chapter 11

Approaches & Measurement

This chapter demonstrates that formation of graphene layer on the surface of a 6H-SiC substrate by
using electron beam (e-beam) irradiation. The e-beam is irradiated by using a commercial electron
beam evaporator with acceleration voltage 8kV in high vacuum environment. Raman spectrum
measurements show all relevant peaks (D, G, 2D) clearly, confirming the formation of epitaxial
graphene layers. The elemental composition of the epitaxial graphene layer is measured with Auger
Electron Spectroscopy and X-ray Photoelectron Spectroscopy. The sheet resistance of the epitaxial
graphene layer which is measured by forming CTLM (Circular Transmission Line Model) patterns on
the irradiated 6H-SiC surface is found to decrease at least 1000 times, compared with the original 6H-
SiC substrate. Also, the quality of the epitaxial graphene layer in terms of Raman spectrum and sheet
resistance is found to be improved noticeably as the electron fluence (e/cm?) is increased by making

the irradiation time longer.
2.1. Experimental Method

This approach has to use electron beam for irradiation on the SiC substrate. And it is required
environment of low acceleration voltage in a vacuum. So, it is selected electron beam evaporator (e-
beam evaporator). The e-beam evaporator process falls into a larger category of Micro-Electro-
Mechanical Systems (MEMS) processes known as Physical Vapor Deposition (PVD). Deposition
processes are used to release a material from a source and transfer that material to a substrate, forming
a thin film or coating. PVD processes are commonly used for the deposition of metals, because they
can be performed at lower process risk and cheaper in regards to materials cost that Chemical Vapor
Deposition (CVD). In the evaporation process, a block of the material (source) to be deposited is
heated to the point where it starts to boil and evaporate. Then it is allowed to condense on the
substrate—the material that you want to coat. This process takes place inside a vacuum chamber,
enabling the molecules to evaporate freely in the chamber, where they then condense on all surfaces.
For e-beam evaporation, an electron beam is used to heat the source material and cause evaporation.
e-beam evaporator is a commonly used process for coating lenses and filters with anti-reflection,
scratch-resistant or other specialized coatings. The process is also commonly used for coating
insulating and resistor films on electronic components. Multi-layer coatings can be deposited in one

duty cycle. The e-beam evaporator process typically involves the following components:
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- Electron beam evaporation gun

- Asystem controller

- Power supply

- Crucibles for the evaporation material
- Materials for evaporation

- Material to be coated

The entire process takes place inside of a vacuum chamber.

This experiment is used electron beam evaporation gun, power supply and crucible. The SiC
sample is inserted in the crucible and irradiated by using electron beam gun in the vacuum [Fig. 2-1].
We propose the e-beam irradiation method on the surface of a SiC by using the e-beam evaporator.
The e-beam in the evaporator is originally used for melting metal sources. We try to use e-beam
equipment as not melting but irradiation purposes.

The research is used 6H-SIiC substrate. Single crystalline On-axis, Si terminated n-type 6H-SiC
wafers are obtained from Cree, Inc. The samples are rinsed with HF and deionized water (1:10) to
remove the surface native oxide before being put into the vacuum chamber. The e-beam irradiation

was performed in high vacuum environment (~10° Torr) at an acceleration voltage of 8kV. The e-

beam irradiated area was ~ 5 mm X 5 mm and the current was fixed to be ~2mA. The only

experimental variable was the irradiation time that determined electron fluency (number of electrons
per unit area). The four different irradiation times (corresponding electron fluencies) are 0.5 hr (9 x
10" e/cm?), 1.0 hr (1.8 x 10% e/cm?), 1.5 hr (2.7 x 10% e/cm?), and 2.0 hr (3.6 x 10% e/cm?). The
parameter of study is as follows [Table 2-1]. The sample temperature was not adjusted intentionally

and left at room temperature in the beginning. However, the temperature of sample surface was found

to rise up to ~670 °C in the IR pyrometer reading during e-beam irradiation [Fig. 2-2]. After the e-

beam irradiation was completed, the sample was cooled down to room temperature in vacuum.
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Sample 1 Sample 2 Sample 3 Sample 4
Accelerate Voltage (kV) 8 8 8 8
Current (mA) 2 2 2 2
Irradiation Time (hr) 0.5 1 1.5 2
Fluencies (e/cm’) 9% 10" 1.8 x 10% 2.7 % 10% 3.6 10%

Table 2-1: Parameter of e-beam irradiation

electron beam crucible

(SiC loading)

cathode block
(8~10kV)

E-beam Evaporator Inner Structure

Figure 2-1: Appearance and inner structure of e-beam evaporator

Figure 2-2: Image and temperature of e-beam irradiation
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2.2. Research Results

This research focuses on the aspects of textural and electrical characteristics of formed graphene on
6H-SiC by using e-beam irradiation. It is proved whether irradiated layer is the graphene layer by
using Raman Spectrum, Auger Electron Spectroscopy, X-ray Photoelectron Spectroscopy and
Transmission Electron Microscopy. And it is made Circular Transmission Line Measurement (CTLM)
structure on irradiated 6H-SIiC substrate, is be can measure sheet resistance and contact resistance of
graphene layer.

2.2.1. Structural and Compositional Analysis

The first category includes spectrum analysis of graphene layer formed on 6H-SiC substrate by
using e-beam irradiation. The measurement equipments are Raman Spectrum, Auger Electron

Spectroscopy, X-ray Photoelectron Spectroscopy

The second category is shown thickness of formed graphene layer by measuring Transmission

Electron Microscopy.
2.2.1.1. Raman Spectrum Analysis

First, to identify graphene layers, it uses Raman spectroscopy. Raman spectroscopy is a
spectroscopic technique used to study vibrational, rotational, and other low-frequency modes in a
system [50]. It relies on inelastic scattering, or Raman scattering, of monochromatic light, usually
from a laser in the visible, near infrared, or near ultraviolet range. The laser light interacts with
molecular vibrations, phonons or other excitations in the system, resulting in the energy of the laser
photons being shifted up or down. The shift in energy gives information about the vibrational modes

in the system. Infrared spectroscopy yields similar, but complementary, information.

Typically, a sample is illuminated with a laser beam. Light from the illuminated spot is collected
with a lens and sent through a monochromator. Wavelengths close to the laser line due to elastic
Rayleigh scattering are filtered out while the rest of the collected light is dispersed onto a detector.
Spontaneous Raman scattering is typically very weak, and as a result the main difficulty of Raman
spectroscopy is separating the weak inelastically scattered light from the intense Rayleigh scattered
laser light [51][52]. Historically, Raman spectrometers used holographic gratings and multiple
dispersion stages to achieve a high degree of laser rejection. In the past, photomultipliers were the
detectors of choice for dispersive Raman setups, which resulted in long acquisition times. However,
modern instrumentation almost universally employs notch or edge filters for laser rejection and

spectrographs either axial transmissive (AT), Czerny-Turner (CT) monochromator, or FT (Fourier
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transform spectroscopy based), and CCD detectors. There are a number of advanced types of Raman
spectroscopy, including surface-enhanced Raman, resonance Raman, tip-enhanced Raman, polarised
Raman, stimulated Raman (analogous to stimulated emission), transmission Raman, spatially offset
Raman, and hyper Raman. The Raman effect occurs when light impinges upon a molecule and
interacts with the electron cloud and the bonds of that molecule. For the spontaneous Raman effect,
which is a form of light scattering, a photon excites the molecule from the ground state to a virtual
energy state. When the molecule relaxes it emits a photon and it returns to a different rotational or
vibrational state. The difference in energy between the original state and this new state leads to a shift
in the emitted photon's frequency away from the excitation wavelength. The Raman effect, which is a
light scattering phenomenon, should not be confused with absorption (as with fluorescence) where the
molecule is excited to a discrete (not virtual) energy level. If the final vibrational state of the molecule
is more energetic than the initial state, then the emitted photon will be shifted to a lower frequency in
order for the total energy of the system to remain balanced. This shift in frequency is designated as a
Stokes shift. If the final vibrational state is less energetic than the initial state, then the emitted photon
will be shifted to a higher frequency, and this is designated as an Anti-Stokes shift. Raman scattering
is an example of inelastic scattering because of the energy transfer between the photons and the
molecules during their interaction. A change in the molecular polarization potential or amount of
deformation of the electron cloud with respect to the vibrational coordinate is required for a molecule
to exhibit a Raman effect. The amount of the polarizability change will determine the Raman
scattering intensity. The pattern of shifted frequencies is determined by the rotational and vibrational
states of the sample. This dependence on the polarizability differs from Infrared spectroscopy where
the interaction between the molecule and light is determined by the dipole moment; this contrasting
feature allows to analyze transitions that might not be IR active via Raman spectroscopy, as

exemplified by the rule of mutual exclusion in centrosymmetric molecules.

It presents the changes of Raman spectra for before and after irradiation [Fig. 2-3a]. The strong
Raman peaks around 1510 cm™ and 1710 cm™ are shown in the bare 6H-SiC. Firstly, in such cases the
bare 6H-SiC substrate is irradiated by e-beam during 0.5 hr, the Raman peaks present around 1350
cm™ and 1580 cm™. The 1350 cm™ and 1580 cm™ peaks indicate D and G peak respectively. And the
bare 6H-SiC’s Raman peaks(1510 cm™ and 1710 cm™) are decreased relatively. In case it increased
the irradiation time up to 1 hr, the Raman peak is shown around 2700cm™ slightly. The 2700cm™ peak
indicates 2D peak. Also the D and G peaks are increased a little more. In the case of the irradiation
time of 1.5 hr, the 2D peak is shown distinctly. Lastly, in case the irradiation time is increased up to 2
hr, the G, 2D peaks are shown some more sharply and obviously. And it is found that the D peak
decreases considerably and the bare 6H-SiC’s Raman peaks disappear. To show obviously the Raman
peaks, we subtract the bare 6H-SiC’s Raman data from each 0.5 hr, 1 hr, 1.5 hr, and 2 hr Raman data.
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The D and G peaks are observed in the 0.5 hr Raman data and we can show definitely the D, G, and
2D peaks in the 1 hr, 1.5 hr, and 2 hr Raman data. During 2 hr irradiation time, D peak is decreased
and 2D peak is increased greatly [Fig. 2-3b]. It is assumed that the irradiated 6H-SiC surface presents
the Raman spectra of graphene. The more irradiation time is increased, the more quality graphene
layers are formed equally and perfectly. An existence of D peak in the Raman spectra of graphene
layers, which is just because of the irradiation defects by e-beam.

Another important information that we can obtain from the measured Raman spectrum is that the
2D peak is quite symmetric and can be fitted to a single Lorentzian with a FWHM (Full Width Half
Maximum) larger than a monolayer graphene. This indicates that the epitaxial graphene induced by e-
beam irradiation is turbostratic, meaning that the stacking of graphene layers is rotationally random
with respect to one another along the stacking direction. The mechanism that the epitaxial graphene
induced by e-beam irradiation becomes turbostratic is not clear at this moment. Hence more detailed
studies to investigate the physical environments near the surface of SiC substrate obtained by e-beam

irradiation and their influence on the formation of epitaxial graphene are necessary [Fig. 2-4].

26



@ g

Raman Intensity (a.u.)

2D

2.0 hr

1.5 hr

1.0 hr

g

Raman Intensity (a.u.)

0.5 hr

7

Bare 6H-SiC

1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

b) g 2D
= 2.0 hr
1.5 hr
1.0 hr
J\,J\ 0.5 hr

1000 1500 2000 2500 3000 3500

Raman Shift (cm™)

Figure 2-3: Raman shifts of graphene layers. (a) The original Raman spectra measured on a 6H-SiC
substrate as a function of e-beam irradiation time. (b) The corresponding Raman spectra with the
Raman signals coming from the 6H-SiC substrate subtracted.
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2.2.1.2. Transmission Electron Microscopy Analysis

To measure thickness of graphene layers, use the Transmission Electron Microscopy (TEM). TEM
is a microscopy technique whereby a beam of electrons is transmitted through an ultra thin specimen,
interacting with the specimen as it passes through. An image is formed from the interaction of the
electrons transmitted through the specimen; the image is magnified and focused onto an imaging
device, such as a fluorescent screen, on a layer of photographic film, or to be detected by a sensor
such as a CCD camera. TEMs are capable of imaging at a significantly higher resolution than light
microscopes, owing to the small de Broglie wavelength of electrons. This enables the instrument's
user to examine fine detail even as small as a single column of atoms, which is tens of thousands
times smaller than the smallest resolvable object in a light microscope. TEM forms a major analysis
method in a range of scientific fields, in both physical and biological sciences. TEMs find application
in cancer research, virology, materials science as well as pollution, nanotechnology, and
semiconductor research. At smaller magnifications TEM image contrast is due to absorption of
electrons in the material, due to the thickness and composition of the material. At higher
magnifications complex wave interactions modulate the intensity of the image, requiring expert
analysis of observed images. Alternate modes of use allow for the TEM to observe modulations in
chemical identity, crystal orientation, electronic structure and sample induced electron phase shift as
well as the regular absorption based imaging. TEM is composed of several components, which
include a vacuum system in which the electrons travel, an electron emission source for generation of
the electron stream, a series of electromagnetic lenses, as well as electrostatic plates. The latter two
allow the operator to guide and manipulate the beam as required. Also required is a device to allow
the insertion into, motion within, and removal of specimens from the beam path. Imaging devices are
subsequently used to create an image from the electrons that exit the system. To increase the mean
free path of the electron gas interaction, a standard TEM is evacuated to low pressures, typically on
the order of 10™ Pa [53]. The need for this is twofold. The allowance for the voltage difference
between the cathode and the ground without generating an arc, and secondly to reduce the collision
frequency of electrons with gas atoms to negligible levels—this effect is characterised by the mean
free path. TEM components such as specimen holders and film cartridges must be routinely inserted
or replaced requiring a system with the ability to re-evacuate on a regular basis. As such, TEMs are
equipped with multiple pumping systems and airlocks and are not permanently vacuum sealed. The
vacuum system for evacuating a TEM to an operating pressure level consists of several stages.
Initially a low or roughing vacuum is achieved with either a rotary vane pump or diaphragm pumps
bringing the TEM to a sufficiently low pressure to allow the operation of a turbomolecular or
diffusion pump which brings the TEM to its high vacuum level necessary for operations. To allow for

the low vacuum pump to not require continuous operation, while continually operating the
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turbomolecular pumps, the vacuum side of a low-pressure pump may be connected to chambers which
accommodate the exhaust gases from the turbomolecular pump [54]. Sections of the TEM may be
isolated by the use of gate valves, to allow for different vacuum levels in specific areas, such as a
higher vacuum of 10~ to 10"’ Pa or higher in the electron gun in high-resolution or field-emission
TEMs.

TEM specimen stage designs include airlocks to allow for insertion of the specimen holder into the
vacuum with minimal increase in pressure in other areas of the microscope. The specimen holders are
adapted to hold a standard size of grid upon which the sample is placed or a standard size of self-
supporting specimen. Standard TEM grid sizes are a 3.05 mm diameter ring, with a thickness and
mesh size ranging from a few to 100 um. The sample is placed onto the inner meshed area having
diameter of approximately 2.5 mm. Usual grid materials are copper, molybdenum, gold or platinum.
This grid is placed into the sample holder, which is paired with the specimen stage. A wide variety of
designs of stages and holders exist, depending upon the type of experiment being performed. In
addition to 3.05 mm grids, 2.3 mm grids are sometimes, if rarely, used. These grids were particularly
used in the mineral sciences where a large degree of tilt can be required and where specimen material
may be extremely rare. Electron transparent specimens have a thickness around 100 nm, but this value
depends on the accelerating voltage. Once inserted into a TEM, the sample often has to be
manipulated to present the region of interest to the beam, such as in single grain diffraction, in a
specific orientation. To accommodate this, the TEM stage includes mechanisms for the translation of
the sample in the XY plane of the sample, for Z height adjustment of the sample holder, and usually
for at least one rotation degree of freedom for the sample. Thus a TEM stage may provide four
degrees of freedom for the motion of the specimen. Most modern TEMs provide the ability for two
orthogonal rotation angles of movement with specialized holder designs called double-tilt sample
holders. Of note however is that some stage designs, such as top-entry or vertical insertion stages once
common for high resolution TEM studies, may simply only have X-Y translation available. The
design criteria of TEM stages are complex, owing to the simultaneous requirements of mechanical
and electron-optical constraints and have thus generated many unique implementations. A TEM stage
is required to have the ability to hold a specimen and be manipulated to bring the region of interest
into the path of the electron beam. As the TEM can operate over a wide range of magnifications, the
stage must simultaneously be highly resistant to mechanical drift, with drift requirements as low as a
few nm/minute while being able to move several pm/minute, with repositioning accuracy on the order
of nanometers [55]. Earlier designs of TEM accomplished this with a complex set of mechanical
down gearing devices, allowing the operator to finely control the motion of the stage by several

rotating rods. Modern devices may use electrical stage designs, using screw gearing in concert with
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stepper motors, providing the operator with a computer-based stage input, such as a joystick or
trackball.

HR-TEM image (cross-sectional) were taken to directly observe the formed epitaxial graphene
layers. The result of formed graphene layers thickness measurement is verified 7 ~ 8 layers of
graphene [Fig 2-5(a)]. It is checked out that thickness of 1 layer is approximately 0.32 nm [Fig 2-5(b)].
TEM images (cross-sectional) were taken to directly observe the formed epitaxial graphene layers.
Shows the HR-TEM image measured on the 6H-SiC sample irradiated by e-beam for 2 hours where
7~8 layers brighter than others are found clearly on the sample surface as indicated in the figure.
According to the profile of TEM signal intensity, the spacing between two adjacent brighter layers is
~0.32 nm. This measured spacing is very close to the known spacing of graphene layers, indicating
the actual formation of epitaxial graphene. In order to confirm that those brighter layers are really
graphene layers, AES (Auger Electron Spectroscopy) and XPS (X-ray Photoemission Spectroscopy)

measurements were performed to analyze atomic composition of the e-beam irradiated area.
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Figure 2-5: Measurement of graphene’s thickness by using TEM. (a) Cross-sectional HR-TEM image
of the 6H-SiC substrate irradiated by e-beam for 2 hours where 7~8 layers brighter than the others can
be seen on the surface as indicated in the figure. (b) The spacing between adjacent brighter layers,
measured to be ~ 0.32 nm in the profile of HR-TEM signal intensity, confirms that the brighter layers

are actually graphene layers.
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2.2.1.3. Auger Electron Spectroscopy Analysis

To reveal the element of the formed graphene layers on SiC surface by the e-beam irradiation, we
use Auger Electron Spectroscopy (AES). AES is a common analytical technique used specifically in
the study of surfaces and, more generally, in the area of materials science. Underlying the
spectroscopic technique is the Auger effect, as it has come to be called, which is based on the analysis
of energetic electrons emitted from an excited atom after a series of internal relaxation events. AES
has become a practical and straightforward characterization technique for probing chemical and
compositional surface environments and has found applications in metallurgy, gas-phase chemistry,
and throughout the microelectronics industry [56]. The Auger effect is an electronic process at the
heart of AES resulting from the inter- and intrastate transitions of electrons in an excited atom. When
an atom is probed by an external mechanism, such as a photon or a beam of electrons with energies in
the range of 2 keV to 50 keV, a core state electron can be removed leaving behind a hole. As this is an
unstable state, the core hole can be filled by an outer shell electron, whereby the electron moving to
the lower energy level loses an amount of energy equal to the difference in orbital energies. The
transition energy can be coupled to a second outer shell electron which will be emitted from the atom
if the transferred energy is greater than the orbital binding energy [57]. There are a number of electron
microscopes that have been specifically designed for use in Auger spectroscopy, these are termed
Scanning Auger microscopes (SAM) and can produce high resolution, spatially resolved chemical
images. SAM images are obtained by stepping a focused electron beam across a sample surface and
measuring the intensity of the Auger peak above the background of scattered electrons. The intensity
map is correlated to a gray scale on a monitor with whiter areas corresponding to higher element
concentration. In addition, sputtering is sometimes used with Auger spectroscopy to perform depth
profiling experiments. Sputtering removes thin outer layers of a surface so that AES can be used to
determine the underlying composition. Depth profiles are shown as either Auger peak height vs.
sputter time or atomic concentration vs. depth. Precise depth milling through sputtering has made
profiling an invaluable technique for chemical analysis of nanostructured materials and thin films.
AES is also used extensively as an evaluation tool on and off fab lines in the microelectronics industry,
while the versatility and sensitivity of the Auger process makes it a standard analytical tool in research
labs. Despite the advantages of high spatial resolution and precise chemical sensitivity attributed to
AES, there are several factors that can limit the applicability of this technique, especially when
evaluating solid specimens. One of the most common limitations encountered with Auger
spectroscopy are charging effects in non-conducting samples. Charging results when the number of
secondary electrons leaving the sample is different to the number of incident electrons, giving rise to a
net polarity at the surface. Both positive and negative surface charges severely alter the yield of

electrons emitted from the sample and hence distort the measured Auger peaks. To complicate matters,
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neutralization methods employed in other surface analysis techniques, such as secondary ion mass
spectrometry (SIMS), are not applicable to AES, as these methods usually involve surface
bombardment with either electrons or ions. Several processes have been developed to combat the
issue of charging, though none of them is ideal and still make quantification of AES data difficult.
One such technique involves depositing conductive pads near the analysis area to minimize regional
charging. However, this type of approach limits SAM applications as well as the amount of sample
material available for probing. A related technique involves thinning or "dimpling" a non-conductive
layer with Ar+ ions and then mounting the sample to a conductive backing prior to AES. This method
has been debated, with claims that the thinning process leaves elemental artifacts on a surface and/or
creates damaged layers that distort bonding and promote chemical mixing in the sample. As a result,
the compositional AES data is considered suspect. The most common setup to minimize charging
effects includes use of a glancing angle (~10°) electron beam and a carefully tuned bombarding
energy (between 1.5 keV and 3 keV). Control of both the angle and energy can subtly alter the
number of emitted electrons vis-a-vis the incident electrons and thereby reduce or altogether eliminate
sample charging. In addition to charging effects, AES data can be obscured by the presence of
characteristic energy losses in a sample and higher order atomic ionization events. Electrons ejected
from a solid will generally undergo multiple scattering events and lose energy in the form of
collective electron density oscillations called plasmons. If plasmon losses have energies near that of
an Auger peak, the less intense Auger process may become dwarfed by the plasmon peak. As Auger
spectra are normally weak and spread over many eV of energy, they are difficult to extract from the
background and in the presence of plasmon losses, deconvolution of the two peaks becomes
extremely difficult. For such spectra, additional analysis through chemical sensitive surface
techniques like x-ray photoelectron spectroscopy (XPS) is often required to disentangle the peaks.
Sometimes an Auger spectrum can also exhibit "satellite" peaks at well-defined off-set energies from
the parent peak. Origin of the satellites is usually attributed to multiple ionization events in an atom or
ionization cascades in which a series of electrons is emitted as relaxation occurs for core holes of
multiple levels. The presence of satellites can distort the true Auger peak and/or small peak shift
information due to chemical bonding at the surface. Several studies have been undertaken to further
quantify satellite peaks. Despite these sometimes substantial drawbacks, Auger electron spectroscopy
is a widely used surface analysis technique that has been successfully applied to many diverse fields
ranging from gas phase chemistry to nanostructure characterization. Very new class of high-resolving
electrostatic energy analyzers recently developed the face-field analyzers (FFA) can be used for
remote electron spectroscopy of distant surfaces or surfaces with large roughness or even with deep
dimples. These instruments are designed as if to be specifically used in combined scanning electron
microscopes (SEMs). "FFA" in principle have no perceptible end-fields, which usually distort

focusing in most of analysers known, for example, well known CMA [58][59].
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Sensitivity, quantitative detail, and ease of use have brought AES from an obscure nuisance effect
to a functional and practical characterization technique in just over fifty years. With applications both
in the research laboratory and industrial settings, AES will continue to be a cornerstone of surface-
sensitive electron-based spectroscopies. It shows the C KLL, O KLL, and Si KLL AES spectra of the
bare 6H-SiC and the irradiated 6H-SiC during 2 hr [Fig 2-6 ~ 2-9]. It is clear that the intensity of the
O KLL and Si KLL auger electron is attenuated with the irradiation by e-beam, whereas that in the C
KLL electron increased. The C KLL (263 eV), O KLL (503 eV), and Si KLL (1557, 1577, 1597, 1614
eV) peaks are found in the bare Si terminated 6H-SiC. After e-beam irradiation, O KLL and Si KLL
peaks disappear and C KLL peak is increased up to about 1.5 times. As shown in the figures, Si atoms
disappear almost completely after e-beam irradiation and only C atoms are left near the sample
surface. So we verify that the carbon layers are formed on the SiC surface by e-beam irradiation. The
sublimation of Si on the 6H-SiC surface occurs and quality carbon layers i.e. graphene layers are
formed by using e-beam irradiation. This measured AES spectra strongly indicates that any layers
induced on the sample surface by e-beam irradiation should be composed of C atoms and hence the

brighter layers observed in the TEM image are really graphene layers.
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Figure 2-6: AES spectra of 6H-SIiC and graphene layer (Differentiated & Undifferentiated Mode).
After e-beam irradiation (2 hr), O KLL (503 eV) and Si KLL (1557, 1577, 1597, 1614 eV) peaks

disappear and C KLL (263 eV) peak is increased up to about 1.5 times.
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Figure 2-7: AES spectra - C range (Differentiated & Undifferentiated Mode)
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Figure 2-8: AES spectra - O range (Differentiated & Undifferentiated Mode)
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Figure 2-9: AES spectra - Si range (Differentiated & Undifferentiated Mode)
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2.2.1.4. X-ray Photoelectron Spectroscopy Analysis

We measure X-ray Photoelectron Spectroscopy (XPS) to prove definitely the existence of graphene
layers. The XPS is one of the important techniques for studying surface elements and bonding energy
of materials. XPS is a quantitative spectroscopic technique that measures the elemental composition,
empirical formula, chemical state and electronic state of the elements that exist within a material [60].
XPS spectra are obtained by irradiating a material with a beam of X-rays while simultaneously
measuring the kinetic energy and number of electrons that escape from the top 1 to 10 nm of the
material being analyzed. XPS requires ultra-high vacuum (UHV) conditions. XPS is a surface
chemical analysis technique that can be used to analyze the surface chemistry of a material in its "as
received" state, or after some treatment, for example: fracturing, cutting or scraping in air or UHV to
expose the bulk chemistry, ion beam etching to clean off some of the surface contamination, exposure
to heat to study the changes due to heating, exposure to reactive gases or solutions, exposure to ion
beam implant, exposure to ultraviolet light. A typical XPS spectrum is a plot of the number of
electrons detected (sometimes per unit time) (Y-axis, ordinate) versus the binding energy of the
electrons detected (X-axis, abscissa). Each element produces a characteristic set of XPS peaks at
characteristic binding energy values that directly identify each element that exist in or on the surface
of the material being analyzed. These characteristic peaks correspond to the electron configuration of
the electrons within the atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons in each of the
characteristic peaks is directly related to the amount of element within the area (volume) irradiated. To
generate atomic percentage values, each raw XPS signal must be corrected by dividing its signal
intensity (number of electrons detected) by a "relative sensitivity factor" (RSF) and normalized over
all of the elements detected. To count the number of electrons at each kinetic energy value, with the
minimum of error, XPS must be performed under ultra-high vacuum (UHV) conditions because
electron counting detectors in XPS instruments are typically one meter away from the material

irradiated with X-rays.

It is important to note that XPS detects only those electrons that have actually escaped into the
vacuum of the instrument. The photo-emitted electrons that have escaped into the vacuum of the
instrument are those that originated from within the top 10 to 12 nm of the material. All of the deeper
photo-emitted electrons, which were generated as the X-rays penetrated 1- 5 micrometers of the
material, are either recaptured or trapped in various excited states within the material. For most
applications, it is, in effect, a non-destructive technique that measures the surface chemistry of any
material. So we measure the bare 6H-SiC and irradiated 6H-SiC during 2 hr. We can verify carbon
layer on the irradiated 6H-SiC surface. It is confirmed the Si-C bonding energy (282.8 eV) in the bare
6H-SiC sample and the C-C bonding energy (284.6 eV) in the irradiated 6H-SiC during 2 hr [Fig 2-
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10]. Because of Si terminated 6H-SiC, it appears that the quantification of Si and C is 40.68 %, 39.34 %
respectively. After e-beam irradiation on 6H-SIC, it changes the quantification to Si = 8.48 %, C =
66.73 % [Table 2-2]. The degrees the C elements are increased up to 1.5 times, whereas Si elements
are decreased rapidly. It is found that the e-beam irradiation sublimates elements of Si on the 6H-SiC.
And the carbon layer with thin thickness remains on the irradiated 6H-SiC surface.
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Figure 2-10: XPS spectra of 6H-SiC and graphene layers formed by e-beam irradiation (2 hr). After
e-beam irradiation, surface of 6H-SiC changes from Si-C bond (282.8 eV) to C-C bond (284.6 eV)
and the XPS peaks of C atoms are increased than bare 6H-SiC peak. The XPS peaks of Si atoms are

vanished compared with bare 6H-SiC peak.

Bare 6H-5iC |Irradiated 6H-8iC
(At. %) (At. %)
C 39.34 66.73
Si 40.68 85.48

Table 2-2: XPS elements and quantifications of 6H-SiC and graphene layers form by e-beam
irradiation (2 hr). After e-beam irradiation, quantifications of C elements are increased more than 1.5

times and Si elements are decreased considerably than elements of bare 6H-SiC.
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2.2.2. Electrical Characteristics

The structural and compositional analysis had been completed, the electrical properties of the
formed epitaxial graphene were measured.

2.2.2.1. Two-Terminal Resistance Measurement

To investigate the electrical properties of the formed graphene layers, we measured two-terminal
resistance through the graphene layers by making Ni / Au contacts on the irradiated 6H-SiC. The
diameter of dot is 50 um and the thicknesses of Ni and Au are 500 nm and 200 nm respectively [Fig.
2-11]. The electrical measurements were done using a semiconductor parameter analyzer (B1500A,
Agilent). The electrical properties of sample surface were compared before and after e-beam
irradiation during 2 hr. The I-V curve on the bare 6H-SiC shows the typical back-to-back Schottky
junction behavior [Fig. 2-12]. Whereas the 1-V curve on the irradiated 6H-SiC shows the Ohmic
behavior. That is, the electrical characteristics change from semiconductor properties of Schottky
junction into metal properties of Ohmic junction by using e-beam irradiation. And it is found that the
two-terminal resistance of the irradiated 6H-SiC decreased over ~1000 times than the bare 6H-SiC.
This indicates that the top surface of the 6H-SiC substrate changed from semiconducting to metallic

by e-beam irradiation, supporting the formation of graphene layers.
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Figure 2-11: Image of dot metal contacts
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Figure 2-12: The current-voltage characteristics of graphene layers formed by e-beam irradiation (2

hr). The current-voltage curve of bare 6H-SiC and graphene layer form by e-beam irradiation (2 hr).

6H-SiC current x 1000.
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2.2.2.2. Circular Transmission Line Model

We make Circular Transmission Line Model (CTLM) to investigate the sheet resistance (Rs,) and
contact resistance (R¢) of formed graphene layer on the irradiated 6H-SiC. The CTLM structure is
commonly used to determine the specific contact resistance of ohmic contact systems in
semiconductor devices [61][62]. Requiring just one lithography step, CTLM structure is simple and
powerful tool in characterizing the specific contact resistance for devices. Unlike the traditional TLM,
the CTLM has the advantage of not requiring a mesa etch. Using a lift-off process realization
therefore just takes one lithography step. Using resistance - gap spacing graph, enable to calculate
sheet resistance and contact resistance from slope and y-intercept of graph respectively. It is
imperative that a semiconductor device can be connected to the outside world with no adverse change
to its current-voltage characteristics and no additional voltagedrop. It can be accomplished only
through low-resistance ohmic contact on the semiconductor. An ideal ohmic contact is one where,
when combined with the semiconductor, no barriers to the carrier flow are encountered in either the
positive and negative direction. Ideally, this occurs when the work functions of the semiconductor and
the metal are about the same, and there are no appreciable interface states which tend to pin the Fermi
Level. However, it is not possible as the work function of the semiconductor varies with doping
concentration and for wide bandgap semiconductor such as p-GaN, there is an added difficulty
because it is impossible to find a metal that has a large enough workfunction. Hence, it is not an easy
task to achieve a good ohmic contact between p-GaN and metal. In order to provide some
understanding on ohmic contacts, basic physics of metal-semiconductor contact is briefly discussed in
this chapter. In addition, the basic principles of the CTLM, which is used to measure the specific
contact resistance are introduced [63]. For a contact between two dissimilar materials, such as metal
and semiconductor, there exists a contact resistance, R, which is a metal- and geometry-dependent
parameter as its magnitude is determined by the sheet resistance of the conducting semiconductor, the
contact area, and etc. Consequently, contact resistance is not a useful parameter to characterize
contacts. Another parameter that is independent on the measurement and geometry of the contact,
known as the specific contact resistance, R, is often used to parameterize the interface. It is defined as
the resistance of a unit area of the thin interfacial layer between the bulk metal and semiconductor
substrate. Physically, R. is the finite resistance seen by the infinitesimal current crossing the metal-
semiconductor interface that has an infinitesimally small potential difference. As the specific contact
resistance rc cannot be measured directly but must be inferred from a measurement on a real contact,
hence several approaches have been used to model the current-voltage behavior of the contact and to
extract rc from the equations from the measured quantities of current (I) and voltage (V). One of the

approaches is CTLM which will be discussed in detail.
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In the following section, the basic concepts and principles of CTLM are presented [64]. Test pattern
of either circular or rectangular geometry is commonly used to determine the specific contact
resistance of ohmic contact systems in semiconductor devices, as depicted in [Fig. 2-13] and [Fig. 2-
14]. However, a mesa structure needs to be fabricated if the rectangular test pattern is used, unlike
circular test patterns where such complication can be totally avoided. The definition of mesa is
required to confine the current flow between two contacts. As a result, circular pattern has been

chosen in this work.
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Figure 2-13: CTLM image for metal contact
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Figure 2-14: Cross-section image of CTLM
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By having a constant current through the inner circular and outer contact pads using a Precision
Parameter Analyzer, as indicated in [Fig. 2.15], there will be a voltage drop, DV, across the separation
d between two points [65][66].

Connected to Precision Connected to Precision Parameter
Parameter Analyzer Analyzer

N
\

Inner contact pad

Outer contact pad
CTLM

structure,

Figure 2-15: Pattern of CTLM

The voltage drop across the separation d, is given by

2 R, R, R, +d
R .
R, = (d+2L;) since 2n(R, -d) >>d
27R,

Rt = Total resistance

Rs = Semiconductor sheet resistance

Lt = Transfer lengh

R, = Radius of the inner electrode

d = Spacing between inner and outer contacts

where R+ includes the probe resistance. It can be seen from equation that there is a linear relationship

between Rt and the circular contact pad spacing, d. Thus, a graph of R+ versus d can be plotted, where
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the slope of the graph gives the value and the interception with the vertical R+ axis gives the value, as
shown in [Fig. 2-16].

p d

Figure 2-16: Graph of Ry versus d

We manufacture the inner circular contact of diameter of 50 um and varying gap spacing (10~50
um) make the outer circular contact. The contact metals are Ni / Au. The circular patterns are made on
the irradiated 6H-SiC by using lithography process. According the patterns, deposit the Ni / Au (500
nm / 200 nm) and execute the lift-off process. The electrical characteristics are measured by the
Prove-station from Agilent Technologies, Inc. (B1500A). According to distance of gap spacing, the
resistance is measured [Fig 2-17, 2-18].

The figure shows the measured resistances (open squares) between the inner and outer circular
contacts as the contact pad spcing changes. The red line is the curve fitted to the measured data with
the known equation for CTLM structure. Using the resistance equation of CTLM structure, we
calculate the sheet resistance and contact resistance of the irradiated 6H-SiC. About measured values,

we obtain linear graph by carrying out linear fitting. So we confirm the following values are obtained :

Ren = 6.7 KQ/[] ; Re =0.18 kQ ; Lt = ~1.8 um. Then the specific contact resistance at the interface

of Ni and epitaxial graphene is calculated to be p. = Ry, Lt = ~ 2.2x107 Q cm® The extracted sheet

resistance is relatively high compared with those of the common thermal-annealing-induced of CVD-
grown graphene layers. This implies that our epitaxial graphene layers induced by e-beam irradiation
might contain more grain boundaries due to smaller grains or less continuous than the graphene layers

induced by the other two methods. It needs to improve the quality of formed graphene layers.

And we measure the current-voltage curve with different gap spacing on the irradiated 6H-SiC. the
more the distance of gap spacing is decreased at an interval of 10 um, the more the conductivity is
increased every 1.5 times.
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Figure 2-17: Ry versus d curve of CTLM. The measured resistances (open squares) between the inner
and outer circular contacts in the CTLM structure with varying contact pad spacing and the curve (red
line) fitted to the measured data by using the known equation between resistance and contact pad

spacing for the CTLM structure.
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Figure 2-18: Current-voltage curve of CTLM. The IV curve with different gap spacing on graphene

layers form by e-beam irradiation.
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Chapter 111

Summary & Conclusion

The SiC and graphene are the important materials in this research. | explained grow method of

graphene layer on SiC substrate.

SiC is used in various fields until now. With the recent technological progress in manufacturing
power devices based on wide band gap materials SiC, the operating voltage range, the switching
speed and/or specific on-resistance have been and will be improved significantly compared to silicon
power devices. In case these new devices are applied in power electronic systems, the improvements
on the device level will impact also the system performance, which is usually measured by power
density, efficiency, weight, reliability, and costs. In power electronic systems there has been a
continuous trend towards a higher system power density in the last decades and due to environmental
concerns and rising energy costs, also the efficiency of the systems became important system
performance criteria, over the past years besides costs. For meeting these demands, the development

of power semiconductors is a crucial enabling factor

Graphene exhibits many outstanding material properties outperforming other semiconductor
materials. Especially, its remarkable transport properties make it a prominent candidate for future
micro- and nano- electronic applications that can replace the current Si-based technologies. Typically,
graphene can be produced by mechanical exfoliation of graphite or epitaxially on SiC and metals.
Following the successful isolation of graphene from graphite, there has been an enormous amount of
research activities for fabricating high-quality graphene on a large scale. The epitaxial graphene on
SiC has an essential benefit in terms of uniform large-scale growth since it can be induced just by

heating an entire SiC wafer to high temperature in Ultra High Vacuum or Ar atmosphere.

| performed 8 kV, 2 mA e-beam irradiation on a 6H-SiC with varying fluences and irradiation times

by using an e-beam evaporator. The sublimation of Si on a 6H-SiC surface enables the formation of
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epitaxial graphene layers to be more easy and controlled. The merit of research is representing
relatively easy and controlled process method for grow graphene. And it can lower process

temperature than existing method of heating SiC material. The heating SiC material process

temperature is over 1300 °C. But temperature of my study is ~650 °C.

I verify distinct D, G, and 2D peaks of the graphene layers by using Raman spectrum. And it is
found that the Si and O elements are vanished and C element is increased up to about 1.5 times
through AES. By XPS measurement, the bond structure of 6H-SiC is changed from Si-C bond to C-C
bond by e-beam irradiation. And It is verified that graphene layer’s number is 7 ~ 8, a layer’s

thickness is 0.32 nm.

The current-voltage curve turns into the shape of Ohmic junction from Schottky junction and the
conductivity of 6H-SiC is increased more than 1000 times. Finally, to obtain the sheet resistance and

contact resistance, 1 manufacture CTLM structures. The sheet resistance and contact resistance of
graphene layer formed by e-beam irradiation are 6.7 kQ/[] and 0.18 kQ respectively. This relatively
high sheet resistance is believed to be due to small grains or local discontinuity of the formed epitaxial
graphene. The experimental results suggests that it would be possible to directly write epitaxial

graphene patterns on a SiC substrate without any additional patterning processes involved if a proper

equipment capable of focusing e-beam and adjust its location in an arbitrary fashion is developed.
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