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ABSTRACT
NAILI YUE. Laser induced local structural and property modifications in
semiconductors for electronic and photonic superstructures — SiC to graphene conversion
(Under the direction of DR. YONG ZHANG)

Graphene is a single atomic layer two-dimensional (2D) hexagonal crystal of
carbon atoms with sp*-bonding. Because of its various special or unique properties,
graphene has attracted huge attention and considerable interest in recent years. This PhD
research work focuses on the development of a novel approach to fabricating graphene
micro- and nano-structures using a 532 nm Nd:YAG laser, a technique based on local
conversion of 3C-SiC thin film into graphene. Different from other reported laser-
induced graphene on single crystalline 4H- or 6H- SiC, this study focus on 3C-SiC
polycrystal film grown using MBE. Because the SiC thin film is grown on silicon wafer,
this approach may potentially lead to various new technologies that are compatible with
those of Si microelectronics for fabricating graphene-based electronic, optoelectronic,
and photonic devices.

The growth conditions for depositing 3C-SiC using MBE on Si wafers with three
orientations, (100), (110), and (111), were evaluated and explored. The surface
morphology and crystalline structure of 3C-SiC epilayer were investigated with SEM,
AFM, XRD, p-Raman, and TEM. The laser modification process to convert 3C-SiC into
graphene layers has been developed and optimized by studying the quality dependence of
the graphene layers on incident power, irradiation time, and surface morphology of the
SiC film. The laser and power density used in this study which focused on thin film SiC

was compared with those used in other related research works which focused on bulk SiC.
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The laser-induced graphene was characterized with p-Raman, SEM/EDS, TEM, AFM,
and, I-V curve tracer. Selective deposition of 3C-SiC thin film on patterned Si substrate
with SiO, as deposition mask has been demonstrated, which may allow the realization of
graphene nanostructures (e.g., dots and ribbons) smaller than the diffraction limit spot
size of the laser beam, down to the order of 100 nm. The electrical conductance of
directly written graphene micro-ribbon (< 1 um) was measured via overlaying two micro-
electrodes using e-beam lithography and e-beam evaporation. The crystalline quality
(stacking order, defect or disorder, strain, crystallite size, etc.) of laser-induced graphene
was analyzed using Raman spectroscopy through the comparison with pristine natural
graphite and CVD-grown monolayer graphene on SiO,/Si and other substrates. The
experimental results reveal the feasibility of laser modification techniques as an efficient,
inexpensive, and versatile (any shape and location) means in local synthesis of graphene,
especially in patterning graphene nanostructures. Different from other laser induced
graphene research works, which were concentrated on bulk SiC wafers, this PhD research

work focuses on thin film SiC grown on Si (111) for the first time.
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CHAPTER 1: CARBON AND GRAPHENE

1.1 Carbon allotropes

Carbon, known for a variety of crystalline or amorphous allotropic forms with
different atomic and electronic structures, has special properties and wide applications.
The five best known crystalline allotropes are diamond, graphite, fullerenes [1], carbon
nanotubes (CNTSs) [2], and graphene [3]. Their atomic structures are shown in Figure 1.1.
The properties and applications of carbon vary widely with allotropic forms. For example,
diamond is well known to be highly transparent, highly thermally conductive, but
electrically non-conductive due to its large electronic energy band gap, while graphite is
opaque and highly electrically conductive due to its zero band gap of m-bond or p;,
electrons derived bands, and anisotropic in thermal conductivity due to the difference
between its trigonal o-bond sp? electrons and -bond p; electrons; and diamond is among
the hardest three-dimensional (3D) materials known to date due to its strong tetrahedral
sp® 5-bonds, while graphene is soft enough to form a streak on a piece of paper due to its
weak Van de Waals force (hence, graphene derives from its name from the Greek word
“to write”). The variety in properties and applications is determined by the different
crystalline and electronic structures. Diamond and graphite are two 3D allotropes, and
rest three allotropes are low-dimensional nanostructures: zero-dimensional (0D)
fullerenes, one-dimensional (1D) CNTs (including single-walled, double-walled and

multi-walled tubular structures), and two-dimensional (2D) graphene. The properties and
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applications also vary with dimensionality and shape. For example, in these three low
dimensional allotropes, all carbon-carbon bonds are sp? hybrid o-bond with dangling 7-
bond, but their electronic properties are different because of the different dimensionalities
as described in the Table 1.1. In recent years, each time when a low dimensional graphitic
nanostructure was discovered and reported, e.g., fullerene in 1985 [1], CNT in 1991 [2],
and graphene in 2004 [3], gold rush research was triggered. As a consequence, more
special nanostructures and related properties have been studied and explored, and the
scope of applications has been widened. Although graphene was explored (in 2004) later
than fullerenes and CNTSs, the atomic thick hexagonal 2D crystalline structure is the most
basic form because fullerenes and CNTs can be derived by wrapping it up into a
buckyballs with the introduction of pentagons and rolling it into a tubes, respectively, as
shown in Figure 1.2 [4]. Therefore, graphene is the mother of other graphitic carbon
systems.

Table 1.1: Allotropes of crystalline carbon

Dimension oD 1D 2D 3D 3D

Allotrope C60 Carbon Graphene  Graphite Diamond
nanotube

Structure Spherical Cylindrical Trigonally Stacked  Tetrahedral

planar planar

Hybridization  sp® sp® sp® sp* sp°

Electronic Semiconductor Metal or Semi- Metal Insulator

properties semiconductor  metal

Fundamentally, the understanding of the structures, properties and applications of
these different carbon allotropes should start from the electron orbital configurations.
Carbon, the lightest member of group IV in the periodic table, has six (6) electrons in the

configuration of 1s°2s*2p® in each atom. There are four valence electrons in the 2™
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orbital shells: two in the 2s subshell and two in the 2p subshell. To form bonds with other

carbon atoms, one of the two 2s electrons of one carbon atom will be promoted into its

—
. @ == O a4
i iy iy

(a) (b) (©) (d) (€)

Figure 1.1: Ball-stick models of carbon allotropes. (a) Diamond. (b) Graphite. (c)
Fullerene. (d) Carbon nanotube (CNT). (e) Graphene.

Figure 1.2: Mother of all graphitic forms. Graphene is a 2D building material for carbon
materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled
into 1D nanotubes, or stacked into 3D graphite (adapted from [4]).

sp hybridization .~ : sp” hybridization
_+*"sp? hybiidization -
» v A

1 O | 0 I A A S N R

(b) (c) (d)

Figure 1.3: Electron configurations and their relative spins in (a) Elemental carbon. (b)
sp hybrid orbitals. (c) sp® hybrid orbitals. (d) sp* hybrid orbitals.
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Figure 1.4: 3D illustration of orbital hybridizations of (a) sp®, (b) sp? and (c) sp®

empty orbital and then form bonds with other carbon atoms by means of sp hybrid
orbitals. In general, there are three types of sp hybrid orbitals as shown in Figure 1.3, i.e.,
sp, sp®, and sp> as shown in 3D in Figure 1.4, depending on the number of p orbitals (1, 2,
or 3) mixing with the s orbital. Graphene and diamond are formed with three atoms
bonded with sp orbitals in planar triagonal shape and four atoms bonded with sp® orbitals
in 3D tetrahedral shape, respectively.

1.2 Structure and properties of graphene

Although ideal graphene is unstable from thermodynamic perspective, it may
exist through the introduction local curvatures like ripples, wrinkles, or buckling. It can
also exist when supported by a foreign material. It was successfully isolated through
micromechanical exfoliation and proved to exist in 2004 [4], in spite of local roughness
and ripples.

For graphite, the stacking order in the stable and thus lowest energy state is
Bernal stacking, in which one of two adjacent graphene layers is rotated by 60° with
respect to the other along the stacking axis, resulting in two sublattices made up of atoms
A and B as shown in Figure 1.5(b), respectively. In other words, atom A in one sublattice

can see vertically another atom A right below in the adjacent layer below, while atom B
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in the other sublattice cannot see another atom B right below in the adjacent layer below.
The interspacing between layers (c direction) is 3.354 A [5]. The adjacent layers are -

bonded via the overlap of partially filled p, orbitals normal to the plane.

(@) (b) (©)

Figure.1.5: Atomic structure of graphite. (a) Bernal stacking (AB stacking). (b) Lattice
structure. (c) Energy spectrum in Brillouin zone (graphene) (adapted from [5]).

One of the most important properties of graphene comes from its unusual
electronic structure that can be described in terms of massless two-dimensional Dirac
particles [5]. At low energies or long wavelengths, the electrons in graphene are not
characterized by their mass but by their speed of propagation, the so-called Fermi—Dirac
velocity, which is of the order of 10° m/s. At low energies, the electrons in graphene obey
a relativistic wave equation in two dimensions [6, 7]. The quasiparticles are chiral and
massless Dirac fermions of the electron and hole degenerated at the Diract point. Thus,
neutral graphene is a semimetal, i.e., neither a metal nor an insulator.

Unlike common 3D materials, the membrane-like graphene has a negative
thermal expansion coefficient due to the tough in-plane sigma bonds [7]. Other properties
include unconventional integer quantum Hall effect [3, 8], Klein tunneling [9-11], valley
polarization [12, 13], universal minimum conductivity [4, 14, 15], weak (weak-anti)
localization [4, 16-20], ultrahigh mobility [4, 21-23], specular Andreev reflection at the

graphene-superconductor interface [24, 25], etc. It is encouraging that multi-layer
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graphene (MLG), which, unlike single-layer graphene (SLG), is less susceptible to the
external environment, was found to exhibit behaviors similar to those of SLG [26, 27].
1.2.1 Low energy electronic spectrum

The electronic band structure of graphene was calculated by Wallace [28] in 1947
and Slonczewski [29] in 1958, as an approximate description of graphite. Both of them
adopted tight-binding approximation and took into consideration the 2p, orbital only for
each of the two atoms in the primitive cell. The energy dispersion of = and © bands is

given as follows,

\E
2

E(k) = iVoJl + 4 cos (; kxa) cos( kya) + 4cos? (? Kya) 1)

where y, = 2.75 eV is the hopping energy between nearest neighbors, k, and k,, are the

two components of wave vector k in the (kx, ky) plane, and plus (+) and minus (—)
signs represent the upper © and lower @ band, respectively. The linear dispersion of
energy versus momentum, i.e., E(k) = +hvg|k|, becomes nonlinear when wavevector
k is away from the K or K’ point due to a second-order term in threefold symmetry; this
phenomenon is known as trigonal warping of the electron energy spectrum [30-32]. The
eigenvalues and eigenfunctions (evelope functions) was calculated and reported in
referecnes [29, 33-35]. It was found that for both K and K'valleys, the rotation of k in
(kyx, k) plane (K or K’ point as axis) by 2r will lead to a phase change in = of the wave
function. This behavior is called Berry’s phase [36]. The Berry phase of m enables
graphene’s spinelectronic property. The eigenfunctions have two components: up

pseudospin (e« =+1) and low pseudospin (a« = —1) [37]. Electrons and holes can be

represented by 7 - k = 1and 7 - k = —1 , repsectively, where 7 is the unit vector in the



momentum direction [38].
1.2.2 Effect of a perpendicular magnetic field

The electrons behave differently in graphene than in conventional 2D system
when an external magnetic field is applied perpendicularly to the plane. In two

dimensional electron gas (2DEG) system, with the magnetic vector potential expressed as

A= (=By,0,0) (Landau gauge), Schrodinger equation is modified as below [39],

A 5 H2 P
<M+p_ye+%+vo(z)>¢=&l} (2)

2me 2m

where m,, is the electron mass, and V,(z) is the electrostatic potential confined in z
direction. If the disorder is introduced, the Hall conductivity of 2DEGs shows a plateau at
lh/2eB and is quantized as g, = £1(2e*/h) [39], resulting in the integer quantum hall

effect (IQHE) [40,41]. In contrast, in graphene the energy of LLs can be calculated to be

E; = sgn(l)vg/ 2ehB|l|, where, || =0, 1, 2, 3, ..., is the Landau index and B is the

magnetic field normal to the graphene plane [42, 43]. The so-called anomalous IQHE can

be expressed as oy, = +2(21 + 1)% [3, 8. The IQHE phenomenon was also

conformed by Shubnikov-de Haas oscillations (SdHOs) at low field [3,8], infrared
spectroscopy [44, 45], and scanning tunneling spectroscopy (STS) [46-48].
1.2.3 Electrostatic confinement and tunneling

The electron spectrum of GNR depends not only on the width but also on the type
of its edges, i.e., whether its edge is in an armchair or zigzag shape [49]. The energy
dispersion of GNR can be calculated using the tight-binding method [50-52], Dirac

equation [53, 54], or first-principles calculation [55,56]. The eigenvalue equations of

¢ and k, = —=—[57]. In

kxta x tan(k,L)

zigzag gribbons near the K point are given as e 2% =
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GNR, the chiral electrons can also be effectivley confined by the boundary. The Klein
phenomenon of perfect transmission of carriers normal incident on an extremely narrow
potential barrier in graphene was also observed by Young and Kim [58]. Moreover,
Steele et al. [59] observed Klein tunneling in ultraclean CNTs with a small band gap. In
contrast, Dragoman et al. [60] has shown that both the transmission and refelction
coefficients at a graphene step barrier are positive and less than unity.
1.2.4 Electrical transport properties of graphene

Because of the unique band structure, graphene shows several peculiar electronic

peorpties which are absent in conventioanl 2DEGs [6, 61]. The most intensively
investigated properties include weak anti-localization (WAL) [3, 16-18, 36, 62],
minimum conductivity [3, 8, 63, 64], carrier density dependence of conducticity [65-69].
(A) Weak (weak-anti) localization

Quantum interference between self-returned and multiply scattered paths of
electrons on the scale of phase coherence length, Ly = vpty, leads to quantum
interference correction (QIC) to the electrical ressitance, which manifests itself in the
form of weak localization (WL) [70, 71]. Yan et al. [72] used self-consistent Born
approximation to study the WL effect in graphene in the presence of charged impurites.
Tikhonenko et al.[73] reported that the WL in graphene exists in a large range of carrier
density inclduing the Dirac region, resulting from the significant intervalley scattering.
Gorbachev et al. [74] reported a similar finding in bilayer graphene. In fact, whether WL

or WAL exists in the sample depends on the measurement conditions [75].



(B) Electrical conductivity and mobility

Graphene still exibits a minimum conductivity of the order of e?/h at the lowest
possbile temperature [3, 8] even though the DOS of graphene at the Dirac point is zero. A
finite and gate dependent Fano factor of the universal value of 1/3 was also observed at
the Dirac point, in agreement with the transport via evanescent wave theory [76]. Based
on these theoretical models, the electrical conduction occurs only via evanecent waves,
i.e., via tunneling between the electrical contacts, in perfect graphene and at the Dirac
point [76, 77]. The theorectically calculated value of minmal conductivity ranges from
(1/m)(e?/h) [76-83] to (/8)(e?/h) [78, 81] and (1r/4)(e?/h) [84, 85] per valley and
per spin channel. The difference between theoretical and experimental values of minimal
conductivity can be accounted for using different models. These puddles, with a
characteristic dimension of approxiamately 20~30 nm, have been observed
experimentally for graphene samples on SiO,/Si substrtes [86, 87]. By studing the effect
of doping of potassium in ultrahigh vacuum, Chen et al. [88] found that the minimal
conductivity only decreased slightly with increasing the doping concentration, despite a
siginificant decrease in mobility. In general, a sublinear ¢ — n (conductivity- carrier
concentration) curves can be applicable to the transport behavior dominanted by short-
range scattering caused by point defects or dislocations in the samples with either a large
carrier density or a low charge-impurity concentration. The similar experimental
observation can be well explained by the theoretical models [3, 66, 79, 89]. To reduce the
scattering from charged impurities, suspending graphene or using high-k dielectrics as
supporting substrates are two possible approaches [21, 23, 70-93]. The physical

properties and experimental mobilities are summarized in Tables 1.2 and 1.3, respectively.
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Table 1.2: Physical properties of graphene

Property Value Reference
High spring constant 50 eVA ™ [94]
Young’s modulus 1TPa [95]

Thermal conductivity (4840~5300) Wem * K™ [96]

Fermi velocity 10° ms™ [3]

Table 1.3: Experimental mobility of graphene

Mobility (cm” Vs ™) Synthesis method and test environment Reference
200,000 Suspended graphene by mechanical exfolitation [23]
170, 000 Clean in UHV [90]
100, 000 Natural graphene at 300K [21]
28,000 Dirty suspended [90]
3700 CVD on Ni [97]
4050 CVD on Cu [98]
5000 Epitaxial graphene on 6H-SiC [99]
50 ~ 200 Nanoribbon by lithography (1 ~ 4 nm wide) [100]
Other semiconductor materials

1500 Si [101]
8500 AlGaAs/InGaAs [101]

1.3 Synthesis of graphene layers (SLG, FLG, and MLG)

Prior to 2004 in which Geim and his coworkers [3] obtained through mechanical
exfoliation and electrically characterized single layer graphene, a variety of techniques
[102-104] of fabricating graphene layers had been practised and studied though the
existence of monolayer graphene was doubted. Most of currently studied synthesis
approaches are in fact the development of the precedents. However, the intensive
research of recent years have made a significant contribution to the future realization of
graphene-based nano-electronics.

The synthesis techniques for making graphene sheets include micromechanical

exfoliation, epitaxial growth on SiC substrates [44-45], chemical vapor deposition (CVD)
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on metal [105-111], reduction from graphite oxide (GO) [112], electrical discharge [113,
114], unzipping of CNT [115-118], and laser sublimation of SiC [119-126].

1.3.1 Exfoliation
(A) Micromechanical Exfoliation

Micromechanical exfoliation is to separate top layers from graphite by applying
normal and/or shear force with scotch/cellophane tape or tips of scanning probes of
scanning probe microscopes such as AFM, STM or NSOM. The peeled film probably
contained multilayer graphene or mixture of multilayer or single layer. The tiny tips of
STM or AFM were used to peel and manipulate graphene sheets [127-132]. It was
observed [127, 128] that folding or tearing of graphitic sheets which were formed
spontaneously during tip scanning due to the friction between the tip and HOPG surface.
Ripples were also observed in curved portion to release the strain and stabilize the
electronic structure in the bent region [127, 128]. Ruoff group [131] patterned the
graphite into small islands first, then tore the island into thin sheets (100 nm thick) using
AFM or STM tip. Zhang et al. [132] reduced the thickness of the graphite island from
100 nm down to 10 nm by transferring the detached graphite island to a micromachined
silicon cantilever, mounted graphite block onto the cantilever, and then scanned graphite
block together with cantilever over a SiO,/Si surface. Novoselov et al.[133] in 2004,
instead of attaching island onto the cantiliver, pressed patterned HOPG square mesa
against a 1-um-thick layer of wet photoresist spun over a glass substrate and baked,
followed by cleaving mesa off the HOPG sample and keeping them on the photoresist
layer. Successive repeated peeling led to only thin flakes left on the photresist. It was

found [133] that thin falkes of less than 10 nm thick attached strongly to SiO, due
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presumably to van der Waals and /or capillary forces. Through using this method, one
atomic layer thick graphene sheets have been achieved [3]. Although the
micromechanical exfoliation techniques have been developed drastically, the application
is limited only to lab research by its drawbacks, i.e., low productivity and thus non-
scalable.

(B) Chemical exfoliation

Similar to micromechanical exfoliation, chemical exfoliation is also an old
technique, but unlike mechanical exfoliation, it has high productivity and scalability. In
general, the chemical exfoliation is divided into two steps: first, to enlarge the interlayer
spacing between adjacent graphene layers by forming graphite intercalated compounds
(GICs) [134, 135] ; then, to exfoliate the thin graphite sheets via rapid evaporation of the
intercalants at an elevated temperature. The processes can be enhanced by subjecting the
thermally annealed GICs to treatments like ball milling or ultrasonification [136, 137].
One of the popular methods to form GICs for exfoliation purpose is to soak graphite in
mixtures of sulfuric and nitric acids for an extended period of time [136, 138]. After an
appropriate duration of soaking, the acid molecules penetrated into the graphite, forming
alternating layers of graphite and intercalant. Following the intercalation, exfoliation is
applied by rapid evaporation of the intercalants at elevated temperature. Post-treatments
such as ball milling and ultrasonication can be used to improve the extent of exfoliation
[136, 137, 139]. In order to obtain SLG sheets, the intercalation and exfoliation processes
have to be repeated by using different intercalating and exfoliating chemistry and
processes [140, 141]. Viculis et al. [135] reported a chemical route to synthesize carbon

nanoscroll.
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1.3.2 Reduction of graphite oxides (GOs)

Different from direct exfoliation with chemical solution, indirect exfoliation with
the pre-oxidized graphites (GOs) first and then easily exfoliated GOs can be used to
generate thin graphene sheets [142, 143]. The exfoliated GO sheets can be subsequently
converted into thin graphene sheets with chemical, thermal, or electrochemical reduction
processes [144-146].

To obtain SLG sheets, Horiuchi and coworkers have developed a two-step process
[147, 148]. The first step was to oxidize the graphite using the Hummer’s method, in
which natural graphite particles were immersed in a mixture of H,SO,4 NaNOs, and
KMnQ, to obtain GICs (or GOs). In the next step, the GOs were hydrolyzed to induce the
hydroxyl and ether groups into the intergraphene layer spaces, after which each GO layer
became a multiply charged anion with a thickness of approximate 0.6 nm. The resulting
GO layers formed a stable dispersion in water. By using this process, Horiuch et al.[147]
succeeded in obtaining SLG sheets. Ruoff and co-workers developed a series of
processes involving the complete exfoliation of GOs into individual GO sheets followed
by their in situ reduction to obtain single graphene layer [148, 149]. The process began
with the oxidation of graphite using the Hummer method [143]. Although the electrical
conductivity of reduced GO sheets was found to be five orders of magnitude higher than
the original GO sheets, it is still ten times lower than that of pristine graphite powders at
about 10% of the bulk density. In fact, the electrical transport of reduced GO sheets was
found to be dominated by hopping [150]. Raman spectroscopy reveals that the reduced
GO sheet is highly disordered [149-151]. The reduced GOs may find applications in areas

in which high mobility is not so critical such as transparent conductive thin film [152,
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153], or composite materials [154-156].

Some methods have been developed to create colloidal suspension of graphene
sheet, based on controlled charging of the graphene sheets during or after the reduction
process [157-159]. Several non-oxidation and reduction based methods have been
reported to reduce the disorder and defects [160]. Fabrication of graphene sheets via
chemical routes poses both potential and challenges. Efforts are required for both gaining
an understanding of the intercalation, oxidation, exfoliation, reduction, functionalization,
and dispersion processes and developing new starting materials and reaction routes. More
details can be found in a recent review [158]. The chemical synthesis of graphene has
some disadvantages such as low yield and defective graphene.

1.3.3 CVD Growth on metal surfaces

SLG or MLG layers can be grown on some metal surfaces via either surface
segregation of carbon atoms or themal decomposition of carbon-containing molecules
[107].

According to the available literature, eight metals have been investigated: Co
(0001) [161], Ru (0001) [101, 162-165], Ni (111) [166-169], Ni (100) [170], Ir (111)
[171-173], Rh (111) [101, 174], Rh (100) [174], Pd (111), Pd (100) [161], Pt (111) [161,
175-178], Pt (100) [175-178, 179], Pt (110) [176, 177] and Cu [177]. The electronic
structure of the metal surface determines the coupling between the carbon 7 orbital and
substrate surface atoms, while the lattice constant of the metal influences the basal
hexagonal structure of graphene layers, especially, the single- layer or few-layer
graphene. The lattice constants and lattice mismatch between graphene and different

metals are summarized in Table 1.4.
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Table 1.4: Lattice constants of graphene and metals

Element Graphene Ni(111) Rh(111) Ru(0001) Ir(111) Pt(111)
Lattice constant (&)  2.46 2.49 2.69 2.71 2.72 2.77
Lattice mismatch (%) N/A 1.2 8.5 9.2 9.6 11.2

N’Diaye et al. [173] observed an incommensurate structure with a periodicity of
9.32 unit cells in graphene formed on Ir (111) by the decomposition of ethylene at 1320
K. Gamo et al. [169] found the spacing between the Ni surface and carbon layer is 2.1 A
and the two carbon sublattices sit on the metal atoms and the fcc hollow sites between
these atoms, respectively, through ion scattering and low energy electron diffraction
(LEED) analyses. Table 1.5 lists all d-spacing values between graphene and metal.

Table 1.5: Distance between graphene and metal substrates

graphene Ni Ru Pd Ir Pt Al Ag Cu Au SiC
(111) (0001) (111) (111) (111) (111) (111) (111) (111

d 3.35 2.1 2.2 2.3 3.77 3.3 341 333 336 331 162

The strong coupling between graphene and the substrate may lead to weaker C-C
bonds in the graphene plane and thus redshift phonons of the graphene layer, specially for
the out-of-plane vibration modes. Graphene on Ni (111) and Ni (001) [180] and Ru (0001)
[164] have showed the similar phenomenon, i.e., redshift of phonon energy of graphene.
There is a trend that the interaction strength increases with the decrease in both the index
and occupation of the d orbitals.

1.3.4 Epitaxial growth on SiC

Although CVD growth of graphene on metal substrate can be scalable for mass
production, graphene has to be transferred to an insulating substrate to make devices. The
epitaxial growth of graphene on SiC can avoid the transfer process. The detailed review

on epitaxial growth of graphene on SiC can be found in references [181, 182].
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In 1975, Bommel et al.[103] found the graphitization film formed on SiC in UVH
(10 Torr) at a temperature higher than 1500 °C by using low energy electron
diffraction (LEED) and Auger electron spectroscopy (AES) analysis techniques. In recent
years, Berger et al. [183] has investigated intensively on epitaxial growth of graphene on
SiC and achieved single and few layer graphene sheets on SiC. One limitation in epitaxial
growth of graphene on Si-face SiC is that the domain size of graphene is limited by the
roughening of the substrate during graphitization. The average step size after graphene
formation is mostly in the range of 20-50 nm, independent of the initial step size of the
substrate [184].
1.3.5 Unzipping of CNTs

As CNTs can be formed by rolling up graphene, graphene can reversely be
formed by unzipping CNTs in longitudinal direction. Kosynkin et al. [116] synthesized
GNRs by unzipping MWCNTSs in concentrated H,SO, acid followed by treatment with
500 wt% KMnO, for 1 hr at room temperature (22 °C) and 1 hr at 55-70 °C. After
isolation, the resulting nanoribbons were highly soluble in water (12mg.ml™), ethanol and
other polar organic solvents. Jiao et al [117] demonstrated an approach to making GNRs
by unzipping multi-walled carbon nanotubes (MWCNTS) by plasma etching of nano-tube
partly embedded in polymer film.
1.3.6 Particle beam-induced graphene

In 1982, lijima [185] accidently discovered the graphitization of SiC when he
used electron microscope to investigate 6H-SIC. It was found that some graphitized
crystallites resulted from the SiC decomposed in vacuum by the electron beam irradiation

with the acceleration voltage of 100 kV and beam current density of 100 C/cm?. Perrone
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et al [120] studied the possibility of graphene growth on 4H-silicon carbide surface via
laser processing. Raman and XPS results showed graphene signatures. Although the
integrated intensity ratio of D to G band is high (> 1), the study demonstrates the
possibility of graphene growth on SiC by laser illumination. Lemaitre et al [123] reported
a technique to selectively graphitize regions of SiC by ion implantation first then pulsed
laser annealing (PLA). Although the relative intensity and FWHM of 2D band is rather
low and large, repsectively, this study also showed the feasibility of laser annealing
process in graphene synthesis. CO; (10.6 um) laser-induced growth of epitaxial graphene
on 6H-SIC was reported by Yannopoulos [122]. The formation of few layer epitaxial
graphene (EG) on SiC and its features were investigated by SEM, XPS, SIMS and Raman.
In this study, high quality graphene with low ratio of D/G was obtained, which further
proved laser annealing process was a viable means to synthesize graphene.

Lee et al [121] also demonstrated a low-temperature, spatially controlled and
scalable epitaxial graphene (EG) synthesis based on laser-induced surface decomposition
of the Si-rich face of a SiC single-crystal. It was also found that the thickness of the EG
could be controlled down to single layer by adjusting laser fluence.

All the above-mentioned laser annealing processes are focused on hexagonal (4H
or 6H) SiC polytype wafers. Recently, two alternative laser assisted graphene growth
methods were reported [124, 125]. Wei and Xu [124] reported that under the laser
illumination, carbon atoms decomposed from PMMA coated on silicon wafer could be
absorbed by the molten silicon surface and then separated during the cooling process to
form a few-layer graphene. Park et al [125] developed a laser-induced chemical vapor

deposition (LCVD) to pattern graphene on metal.
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From the above brief survey, it becomes clear that the use of focused laser beams,

apart from enabling patterning, offer viable solutions to lower the graphene growth
temperature down to room temperature as well as to speed-up the growth process. Laser
illumination method has the following advantages over conventional thermal epitaxial
growth: (1) Ambient growth of epitaxial graphene; (2) Rapid efficient process with
process time of sub-second, depending on laser power; (3) The cooling rate, which is
essential for the uniformity of the stress that develops on EG, can be as high as 600 Ks™.
The fast cooling rate might also affect the stacking order or stacking faults of Si-face EG,
which is the dominant factor affecting carrier mobility; and (4) No pre-treatment (e.g. H»
etching, so on) of SiC surface is needed to obtain high quality graphene. In this study,
unlike other laser related works in which bulk SiC wafers were used, about 190 nm thick
SiC thin film is first grown on Si substrate, then graphene layers are induced by laser

illumination [126].



CHAPTER 2: MBE GROWTH OF 3C-SiC ON Si WAFTER

2.1 MBE growth and substrate preparation

An ultra high vacuum (UHV) MBE system (SVT Inc., MN, USA) was employed
to grow 3C-SiC on Si wafer with different orientations (100), (110) and (111). Buckyball
fullerene (C60) powder (source) loaded in the Knudsen cell was used as a carbon source
and Si wafers as both substrate and Si source. The MBE chamber is capable of being
pumped down to 10 torr with three cascaded pumps: mechanical, turbo-molecular, and
cryo-pumps. Reflection high electron energy diffraction (RHEED) and residue gas
analyzer (RGA) are integrated into the chamber to in-situ monitor real time growth and
residue gases. Both source and substrate can be resistively heated up to 1100 °C. Liquid
nitrogen (Ny) is introduced through shroud in between inner and outer chamber wall to
cool down the chamber and effusive cell to avoid any contaminants being evaporated on
the sample or substrate during growth. The substrate holder is cooled by circulating chilly
water to control the post-growth cooling rate. An RF match box integrated with chamber
is used to generate N, for growing IlI-nitrides. The architecture of MBE system is shown

in Figure 2.1.
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Figure 2.1: SVT MBE system capable of growing II-VI, I1I-nitride, Si and SiC
semiconductor materials.

In order to make sure a clean surface for growing high quality film on the silicon
wafer substrates, the Si wafers need to undergo two types of cleaning processes: wet
cleaning and in-situ cleaning. Wet cleaning process is the same as the standard Si wafer
cleaning used in semiconductor industry as described in Table 2.1. However, it is
unavoidable for the cleaned Si wafer surface to be exposed to air and slightly oxidized
again during transfer from clean room to MBE chamber. In-situ cleaning process can
further remove this native oxide layer formed during sample transfer. In-situ cleaning
process occurs in the growth chamber after the substrate is loaded into chamber. The
cleaned Si wafer is loaded into load-lock chamber and then transferred into growth
chamber through butterfly gate valve. Normally, it takes six (6) hours or a whole night to
pump the growth chamber down to 10™° torr before starting growth process. Since some
residue gas may be adsorbed on the cleaned wafer, it is necessary to preheat wafer at 300
°C for half an hour after the base pressure reaches 107 torr and wait until the base

pressure returns to the lowest level again. When the base pressure reaches 10™° torr
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without any residue gas adsorbed on Si substrate surface, the Si substrate is heated up to
above 850 °C and hold for at least half an hour to remove a few nanometer thick native
SiO; layer formed during sample transfer from clean room to MBE chamber. This in-situ,
or in chamber, cleaning process can further clean Si substrate surface. The cleanliness of
the wafer can be monitored with reflection high energy electron diffraction (RHEED), as
shown in Figure 2.2 (a).

Table 2.1 Cleaning processes for silicon wafer substrates

Steps Processes

1 Soak Si wafer in acetone and methanol solution assisted with ultrasonic
vibration for 5 minutes each, followed by rinsing with de-ionized (DI) water
until resist reaches 12 ~ 15 MQ

Dip Si wafer in (H,0,: H,S0O4=2:3) solution mixed with 100 ml H,0, and
150 ml H,SO, for 20 min.

Rinse Si wafer with DI water until resist reaches 12~15 MQ

Dip Si wafer in diluted HF (H,O:HF=10:1) for 10 seconds

Rinse Si wafer until resist reaches 12~15 MQ

Dry Si by blowing with nitrogen (N,) gas

N
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2.2 Design of experiment (DOE) for the evaluation of growth conditions

It was found that under the pressure of 10™° torr, fullerene (C60) started to
evaporate at 450 °C and was depleted very quickly at 700 °C. Also, at the substrate
temperatures below 600 °C, no SiC or carbon film was grown on Si substrate. In this
growth process evaluation, Tcgo = 650 °C was only combined with T, = 700 °C, because
3C-SiC film peeled off from the Si substrate when the substrate temperature was
increased up to 800 °C or beyond at Tceo = 650 °C. This may be caused by the larger
kinetic energy of carbon atoms, excessive C60, larger coefficient of thermal expansion
(CTE) of SiC, or all of them. Furthermore, C60 power source would be quickly depleted

if the source temperature is raised above 650 °C. Hence, Tceo = 650 °C was excluded
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from the evaluation of T, = 800, 900, and 1000 °C. The upper limit of heating capability
of MBE is 1100 °C. At T = 1050 °C, 3C-SiC film was observed to easily flake-off due
to large lattice mismatch (20%) and CTE mismatch, especially at a high temperature. The
design of experiment one (DOE (I)) is described in Table 2.2. In this evaluation, two
types of Si wafers, Si (100) and (111), were grown simultaneously in each deposition.
The temperatures of C60 source and Si substrate were increased from 450 to 650 °C and
from 700 to 1000 °C, respectively. The increment step of temperature is 100 °C for both,
growing time is 5 minutes, and the heating and cooling rates are 10 °C/min. For each
growth, the samples were held at growing temperature for about 2 minutes to homogenize
SiC film after the growth was over.

Table 2.2: DOE (I) for growing 3C-SiC on Si substrates (001) and Si (111)

S/N  Substrate Source Growth Base Growth
temperature temperature time (min.) pressure pressure
(Tceo) (Tsi) (torr) (torr)

1 700 450 5 <6.0 x10 9.1 x107

2 700 550 5 <6.0 x10%° 6.5 x10°

3 700 650 5 <6.0 x10° 9.2 x10°

4 800 450 5 <6.0 x10° 9.6 x107

5 800 550 5 <6.0 x10° 7.5 x10®

6 900 450 5 <6.0 x10° 1.3 x10®

7 900 550 5 <6.0 x10° 8.2 x10°®

8 1000 450 5 <6.0 x10%° 3.6 x10°®

9 1000 550 5 <6.0x10%° 8.9 x10®

Following the evaluation of growth conditions and characterization of SiC films
grown in DOE (1), the source temperature (Tceo) of 550 °C and two substrate
temperatures (Tgp) of 800 and 1000 °C were selected as growth conditions for the
comparison of SiC films grown on three plane orientations Si (100), (110), and (111),

because the flux of Tcgo = 550 °C yields more uniform SiC film than Tcgo = 450 °C, T



23
=800 °C generates more uniform SiC than T, = 900 and 1000°C, and 1000 °C generates
highest crystallization of SiC film. The growth time for T,,=800 °C and T;,=1000 °C
are 10 and 20 minutes, respectively. The evaluation growth conditions for DOE (Il) are
listed in Table 2.3.

Table 2.3: DOE (II) for growing 3C-SiC on Si (100), (110) and (111)

S/N Si substrate Substrate Source Growth time
orientation temperature (Tsyp) temperature (Tceo) (Min.)

1 (100), (110), 800 550 10
(111)

2 (100), (110), 1000 550 20
(111)

2.3 Growth control and results

During the heating, growth, and cooling processes, the liquid nitrogen (LN,) was
introduced through shroud between the inner and outer walls of the growth chamber to
cool the inner wall of the chamber, preventing the contaminants deposited on the inner
wall of chamber from being re-evaporated and thus being deposited on the sample.
During growth, substrate manipulator, i.e., sample holder, was rotated at the rate of 10
rounds per minute (rpm) to homogenize the SiC thin film. The residue gases before and
during growth were in-situ monitored by residue gas analyzer (RGA), i.e., mass
spectrometry (MS). The cleanliness of Si substrate surface in chamber, and nucleation
and growth of the SiC film were in-situ inspected with RHEED. RHEED, low energy
electron diffraction (LEED) and auger electron spectroscopy (AES) are the three major
surface characterization techniques which are very useful in real time in-situ monitoring
of thin-film growth. In RHEED subsystem, a thermionic electron gun was used to emit

electrons which are accelerated under electrical field, focused with electromagnetic field,
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and deflected with electrostatic field toward the substrate surface at a glance incident
angle of less than 2°. If the substrate or thin film surface is clean or atomic flat, the
diffract pattern is streaks. During the growth, the streak patterns disappear, and the dots
or concentric rings patterns appear as shown in Figure. 2.2 (a) and (b). The streaks
patterns are the electron diffraction of flat two-dimension surface and dot patterns are
from that of three-dimension surface. SiC thin film grown on a 2-inch Si (111) at the

substrate and source temperatures of 800 and 550 °C, respectively, are shown in Figure

2.3.

(a) Before growth (b) During growth

Figure 2.2: RHEED patterns in the growth of 3C-SiC thin film on Si substrates. (a)
Before growth. (b) During growth.

Figure 2.3: 3C-SiC film grown on a 3-inch Si (111) wafer
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2.4 Characterization and analyses of samples grown on Si (100) and Si (111)

The surface morphology and topography of 3C-SiC thin films were measured
with SEM (JEOL 6460LV and Raith 150) and AFM (Nanoscope SPM V5r30),
respectively. The SEM micrographs of the samples grown in DOE (I) are shown in
Figures 2.4, 2.5, and 2.6. The corresponding AFM topography images are shown in
Figures 2.7, 2.8, and 2.9. In Figures 2.4 and 2.7, it can be seen that at the substrate of 700
°C, the SiC film gown at Tceo = 550 °C is rougher than that grown at Tceo = 450 °C but
smoother than that grown at Tcgo = 650 °C. This is because the evaporation flux of C60 at
Tceo = 450 °C is lower than that at Tcgo = 550 °C and thus is insufficient, resulting in that
the SiC grown at Tceo = 450 °C is amorphous and of lower converage. However, the SiC
grown at Tceo = 550 °C is more crystalline due to the increase of source temperature
which also increases the reaction energy for formation of SiC. This can be corroborated
by that the grain size of SiC grown at Tceo = 550 °C as shown in Figures 2.4 (a), (b), (c)
and (d). When the temperature of source C60 increases from Tcgo = 550 °C to Tcgo = 650
°C, the roughness increases, but the grain size decreases. This is because the larger
evaporation flux of C60 at Tcgo = 650 °C in combination with the low reaction rate at Ty
=700 °C result in the deposition of excessive decomposed C60 on top of SiC film. There
is also excessive decomposed C60 on SiC/Si grown at Tsy/ Tceo = 700/550 °C. This can
be confirmed by the broad D and G Raman bands of decomposed C60 shown in the
corresponding Raman spectra shown in Figures 2.18 (b) and 2.19 (b). The grain size of
decomposed C60 is smaller than that of SiC film. The above analyses are applicable to
both Si (100) and (111). At the substrate temperature from 800 to 1000 °C, the roughness

of SiC film increases for source temperatures of both 450 and 550 °C, because the grain
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size of SiC increases with crystallization. However, for both Si (100) and Si (111), the
SiC grown at Tcgo = 450 °C is always rougher than that of SiC grown at Tcgo = 550 °C,
because the evaporation flux of C60 at Tceo = 450 °C is insufficient for providing enough
carbon atoms to react with the Si atoms from the substrate. Moreover, the SiC film grown
on Si (100) is rougher than that on Si (111), because the area atomic density of Si (111) is
higher than that of Si (100) (as indicated in Table 2.7). An obvious observation in Figures
2.5, 2.6, 2.8 and 2.9 is that the grain size increases significantly when the substrate
temperature increases from 800 to 900 °C and from 900 to 1000 °C, respectively.
Probably, nucleation and growth of SiC mainly complete at the temperature above 800 °C
and the coalescence occurs above 900 °C. This is in agreement with the XRD results in
which FWHMs of the 26 peaks corresponding to 3C-SiC (111) and 3C-SiC (200) drops
significantly from 900 to 1000 °C, as shown in Figure 2.23. Figure 2.10 shows the
roughness comparison of SiC grown on Si (100) and (111) at different substrate and
source temperatures. At Tsy, = 700 or 800 °C, SiC thin films grown on Si (100) and Si
(111) at Tceo = 550 °C is rougher than that at Tceo = 450 °C for small domain area,
because the extent of SiC crystallization at Tceo = 550 °C is more than that at Tceo = 450
°C, and grain size increases. However, in the large domain area, the film coverage of SiC
grown at Tcgo = 550 °C is higher than that at Tceo = 450 °C due to the higher C60
evaporation flux at Tcgo = 550 °C. At Tsy, = 900 or 1000 °C, SiC thin films grown on Si
(100) and Si (111) at Tceo = 550 °C is smoother than that at Tceo = 450 °C for small
domain area due to the higher C60 evaporation flux at Tceo = 550 °C. At Teeo = 550 °C,
SiC grown on Si (111) is always smoother than that on Si (100) for all T¢,, = 700, 800,

900 and 1000 °C due to the higher area atomic density of Si (111).
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Figure 2.4: SEM micrograph of 3C-SiC grown on Si (100) and Si (111) at T, = 700 °C.
(@) Teeo=450 OC, Si (100). (b) Tceo =450 OC, Si (111). (c) Teeo =550 OC, Si (100) .
(d) Teeo =550 °C, Si (111). (€) Tceo =650 °C, Si (100) (f) Tceo =650 °C, Si (111)
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Figure: 2.5: SEM micrograph of 3C-SiC grown on Si (100) substrate. (a) Tsu, = 800 °C,

Tceo = 450 °C. (b) Tap = 800 °C, Tego = 550 °C. (c) Tsup = 900 °C, Tceo = 450 °C.
(d) Teup =900 °C, Tceo = 550 °C. (&) Tsup = 1000 °C, Tceo = 450 °C. (f) Teup = 1000 °C,
Tcso =550 OC.
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Figure 2.6: SEM micrograph of 3C-SiC grown on Si (111) substrates. (a) Tsu = 800 °C,
Tcso = 450 0C. (b) Tsub = 800 OC, Tcso = 550 OC. (C) Tsub = 900 OC, Tceo = 450 OC
(d) Tsup = 900 °C, Tcgo = 550 °C. () Tsup = 1000 °C, Tceo = 450 °C. (f) Tsu = 1000 °C,
Tcso =550 OC.
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Figure 2.7: AFM topography of 3C-SiC grown on Si (100) and (111) substrates at Tgy, =
700 °C. (a) Tceo =450 °C, Si (100). (b) Tceo= 450 °C, Si (111). (c) Tceo = 550 °C, Si (100).
(d) Tceo = 550 OC, Si (111). (E) Tceo = 650 OC, Si (100) (f) Tceo =650 OC, Si (111).
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Figure 2.8: AFM topography of 3C-SiC grown on Si (100) substrates. (a) Tsu, = 800 °C,
Tceo = 450 °C. (b) Tsup =800 °C, Teeo = 550 °C. (€) Tsup = 900 °C, Tceo = 450 °C. (d) Tsup
900 °C, Tceo = 550 °C. (€) Tsup = 1000 °C, Tceo = 450 °. (f) Teup = 1000 °C, Tceo = 550 °C.
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()
Figure 2.9: AFM topography of 3C-SiC grown on Si (111) substrates. (a) Tsp = 800 °C,

Teeo = 450 °C. (b) Teup = 800 °C, Tcgo = 550 °C. (€) Teup = 900 °C, Teso = 450 °C.
(d) Teup = 900 °C, Tego = 550 °C. () Teup = 1000 °C, Tego = 450 °C. (F) Teup = 1000 °C,
Tceo =550 OC.
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Figure 2.10: AFM roughness (rms) comparison of 3C-SiC grown on Si (100) and (111)
at different growth conditions.

To characterize the crystallinity and phonon structures of 3C-SiC films, XRD
(PANalytical Inc, Netherland) and Raman spectroscopy (LabRAM HR800, Horiba Jobin
Yvon Inc.) were performed on these samples. In XRD setup, the x-ray source is
monochromatic Cu (Ka1) with wavelength A = 1.54056 A. Triple-axis and rocking-curve
configurations were used to scan two theta and omega, respectively. The XRD spectra of
the samples grown in DOE (I) are shown in Figure 2.11 (a) and (b). For 3C-SiC films
grown on Si (100) substrate, only two samples grown at the substrate/source temperatures
are 900/550 °C and 1000/550 °C show XRD peaks at 28 = 41.5° corresponding to 3C-SiC
(200) or 6H-SIC (104) planes, which means SiC thin film (if any) grown at other
conditions are either amorphous or not well-crystallized. The zoom-in of the peak at 20 =
41.5° shown in Figure 2.12 (a) indicates the peak is composed of two subpeaks at 41.12°
and 41.42°, which correspond to 3C-SiC (200) and 6H-SiC (104), respectively.

According to Bragg law, we have Equation (3) as below
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The d-spacings of the two types of SiC polytype films, 3C and 6H, are both larger than
those of single crystal counterparts, respectively, meaning the crystallization is low and
polycyrstalline. The XRD two theta peak of SiC film grown at 1000/550 °C is shown in
Figure 2.13. It is a single peak before and after Lorentzain decomposition and the two
theta of 3C-SiC grown at 1000/550 °C is 41.38° which is very close to that of single
crystal 3C-SiC, i.e., 41.385°. Therefore, the d-spacing of 3C-SiC film is very close to that
of single crystal and 3C phase dominates SiC film. Moreover, the FWHM of 3C-SiC film
grown at 1000/550 °C is much narrower than that of 3C- or 6H- SiC grown at 900/550 °C.
There is a possibility that the two wavelengths of X-ray resulting from unfiltered X-ray
source cause two close peaks which are easy to be misinterpreted as two crystalline
planes. In order to exclude this possibility, the two theta peak of Si (111) was plotted and
inspected in close view as shown in Figure 2.14. It is obvious that the single peak of Si
(111) indicates the monochromatic X-ray source. As for those SiC film grown on Si (111)
substrates, Figure 2.11 (b) shows all samples grown at Tceo = 550 °C have peaks at about
35.5° corresponding to 3C-SiC (111) or 6H-SiC (102). For those sample grown at Tcgo =
450 °C, only the sample grown at T, = 800 °C has a two theta peak at about 35.5° which
can be Lorentzian-decomposed into two subpeaks: 35.45° corresponding to 3C-SiC (111)
and 35.80° corresponding to 6H-SiC (102), as summarized in Table 2.4; all other samples
grown at 700/450, 900/450, and 1000/450 °C do not show such a peak at about 35.5°.
This means that 800/450 °C is a better combination than others with Tcgo = 450 °C in
growth of uniform crystalline SiC film because the out-diffusion of Si from Si substrate

determines the equilibrium and kinetic process in formation, nucleation, and growth of
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SiC film on Si (111) substrate. In addition, two tiny peaks at 26 = 61.6° and 76.3° were
observed in Figure 2.11 (a), and two tiny peaks at 20 = 25.6° and 39.1° in Figure 2.11 (b).
In comparison with the XRD database, the peak at 20 = 61.6° probably corresponds to
the plane 6H-SiC (110) (26 = 60.1°), 26 = 76.3° to Si (331) (20 = 76.4°), and 26 = 39.1°
to 6H-SiC (103) (26 = 38.2°). However, no corresponding plane in XRD database was
found close to the planes represented by the peak at 28 = 25.6°. According to Bragg’s law,
the d-spacing of the plane group corresponding to the peak at 26 = 25.6° should be very

large, so there might exist a periodic laminar structure in the SiC thin film.
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Figure 2.11: XRD patterns of 3C-SiC thin film grown on Si substrates. (a) Si (100) and
(b) Si (111). (Each spectrum is labeled by substrate temperature/source temperature, e.g.,
700/450 °C indicates substrate and source temperatures are 700 and 450 °C, respectively).
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Figure 2.12: XRD two theta (26) peak of SiC grown on Si (100) at the temperatures of
Tsun/ Tceo = 900/450 °C. (a) Original data. (b) After Lorentzian deconvolution.

3C-SiC (200) |\ 41.38°

(41.385%)

1000/550 °C
Si (100)

Intensity (a.u.)

39 40 41 42 43
2 Theta (degree)

Figure 2.13: XRD two theta (26) peak of 3C-SiC grown on Si (100) at the temperature of
Tsun/Tceo = 1000/550 °C.
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Figure 2.14: XRD two theta peak (26) of Si (111).

Figure 2.15 (b) shows the two components resulting from Lorentzian decomposition of
the two-theta peak at about 35.6°. The two components of 35.45° and 35.80° corresponds
to 3C-SiC (111) (26 = 35.598°) and 6H-SIC (102) (26 = 35.729°), respectively. Figure
2.16 shows the two-theta peak before and after Lorentzian decomposition of SiC grown
on Si (111) at 800/550 °C are 35.53° and 35.50°, which are practically same or closer to
that of 3C-SiC. This means that more 3C-SiC crystallizes at T = 800 °C when Tceo
increases from 450 to 550 °C. The comparison of two-theta peaks and associated FWHM
before and after Lorentzian decomposition of SiC grown at other conditions are
summarized in Table 2.4. The data are plotted and shown in Figure 2.17. Figure 2.17 (a)
shows at Tceo = 450 or 650 °C, there are more 6H-SiC at T, =700 or 800 °C than Tego =
550 °C at which 3C-SiC dominates. It can be seen that at TspTceo = 800/550 °C, d-
spacings of both 3C-SiC (111) and 6H-SiC (102) on Si (111) are closer to that of single
crystal 3C-SiC (111) than that of single crystal 6H-SiC (102), and the FWHM of 26 peak

of 3C-SiC (111) is smaller than that of 6H-SiC (102). This means at Ty, Tceo = 800/550
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°C, 3C-SiC dominates SiC polytype film. Another observation from Figure 2.17 is that at

900/550 and 1000/550

(111).
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Figure 2.15: XRD two theta (26) peak of 3C-SiC grown on Si (111) at the temperature of
Tsun/Tceo = 800/450 °C. (a) Original peak. (b) Lorentzian decomposition.
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41

Table 2.4: The two-theta and FWHM values of XRD peaks of SiC film on Si (100) and
(111) grown at different conditions.

Sub/source/Si 3C-SiC (111) 6H-SiC (102)
20 () FWHM () 26 () FWHM ()
35.598 35.729
700/550/ (111) 35.44267 0.27613 35.56111 0.20185
700/650/ (111) 35.45089 0.50542 35.78001 0.16293
800/450/ (111) 35.44955 0.50299 35.80277 0.27377
800/550/ (111) 35.49629 0.16676 35.5342 0.36962
900/550/ (111) 35.46346 0.2375 35.61767 0.21018
1000/550/ (111) 35.44824 0.09288 35.58803 0.29688
3C-SiC (200) 6H-SiC (104)
20 () FWHM () 20 () FWHM (°)
41.385 41.504
900/550/ (100) 41.10751 1.68388 41.41637 0.6416
1000/550/ (100) 41.38555 0.44686 41.38555 0.44686
smel
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Figure 2.17: Two-theta (20) values of XRD peaks of SiC film grown on Si (100) and

(111) at different T/ Tceo temperatures. (e.g., in

700
550’

and source temperatures, respectively).

700 and 500 represent substrate

As a complementary characterization to XRD, p-Raman spectroscopy was

performed on these samples in a backscattering configuration. A Nd-YAG solid state

laser of 532 nm wavelength and 2-3 mW was used as the excitation source. A 100 X lens
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with numerical aperture (NA) of 0.9 and working distance (WD) of 0.21 mm was used to
focus laser beam onto the test points. The theoretical spot size of laser beam can be

calculated by

1221 _
—= =721 (nm) 4)

d=
The acquired Raman spectra of all samples are plotted and stacked in Figures 2.18 — 2.20
in consistent with XRD patterns shown in Figures 2.11 (a) and (b), all Raman spectra of
those samples grown on Si (111) at 550 °C show characteristic TO modes of 6H-SiC and
3C-SiC at about 764 and 792 cm™, respectively, which are slightly redshifted compared
with 767 and 796 cm™ of single crystals. This is due to biaxial tensile strain resulting
from the lattice mismatch between SiC and Si. The peaks at 618, 670 and 822 cm™ are
from Si substrates. The second TO lines at 1519 and 1713 cm™ are also observed from
the spectra of SiC on Si (100) and Si (111) at 800/550, 900/550, and 1000/550 °C. Since
both 3C-SiC and 6H-SIiC has two second order modes, it is hard to distinguish
unambiguously the origins of two modes. Peaks at 1296, 1449 and 1555 cm™ are from Si
substrates. One obvious observation from the Raman spectra of SiC polytype films grown
on Si (100) and Si (111) at T/ Tceo = 700/550 °C and 700/560 °C shown in Figure 2.18
(b) and Figure 2.19 (b) are two broad peaks at about 1367 to 1605 cm™ standing out. It is
due to the decomposition of excessive C60, which is in agreement with the variation of
Raman spectrum of C60 with the temperature shown in Figure 2.21. For both Si (111)
and (100) substrates, Raman spectra of SiC grown at T/ Tceo = 700/650 °C show much

stronger and broarder peaks at 1367 to 1605 cm™ than that at Teuw/ Tego = 700/550 °C

does, indicating more decomposed C60 on SiC grown at Tgu/ Teeo = 700/650 °C than that
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at Tsu/ Tceo = 700/550 °C due to the larger C60 evaporation flux at T/ Tceo = 700/650

°C.
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Figure 2.18: Raman spectra of SiC polytype films grown on Si (100) at different

temperature conditions
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Figure 2.19: Raman spectra of SiC polytype films grown on Si (111) at different
temperature conditions.
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Figure 2.20: Raman spectra of SiC polytype films grown on Si (100) and (111) at the C60
source temperature of 550 °C.
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Figure 2.21: The variation of Raman spectrum of C60 with the laser power [186].

In fact, the TO mode of 792 cm™ is the convolution of two subpeaks: one is TO of

6H-SIC and the other is TO of 3C-SiC. Figures 2.22 (a) and (b) show Lorentzian

decomposition of the peak at 792 cm™. According to the phonon mode frequencies of

common SiC polytypes listed in Table 2.5 [187], two peaks of 765 and 791 cm™ in Figure
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2.22 (a) and two peaks of 765 and 790 cm™ in Figure 2.22 (b) are TO modes of 6H-SiC,
and peaks of 796 cm™ in Figure 2.22 (a) and 796 cm™ in Figure 2.22 (b) are TO modes
of 3C-SiC. The TO mode of 792 cm™ of SiC polytype films grown at other conditions are
decomposed and the decomposed the Lorentzian subpeaks are listed in Table 2.6. All
experimental Raman frequencies of SiC polytype films grown at different temperature
conditions are summarized and listed in Table 2.6. Therefore, both 3C-SiC and 6H-SiC

co-exist in the SiC polytype films grown on Si (100) and (111) substrates.
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Figure 2.22: Raman spectra of TO modes of 3C- and 6H- SiC polytypes after Lorentzian
decomposition of convoluted peaks.

Table 2.5: Positions of Raman bands for common SiC polytypes in the range of 600-
1100 cm™ [187] (The stronger bands are in bold).

SiC Raman band position [cm™]
polytype TA LA TO LO
3C (B) 796 972
2H () 264 764 799 968
4H (@) 196 204 266 610 776 796 838 964
6H () 145 150 236 504 514 767 789 797 889 965
241 266

15R () 167 173 255 331 337 569 767 789 797 800 932 938
256 S77 956




Table 2.6: Experimental Raman frequencies of SiC grown on Si (100) and (111)

Experimental Raman frequencies of SiC thin film grown on Si [cm™]

700/450/ Si (100)
700/450/ Si (111)
800/450/ Si (100)
800/450/ Si (111)
900/450/ Si (100)
900/450/ Si (111)
1000/450/ Si (100)
1000/450/ Si (111)
700/650/ Si (100)
700/650/ Si (111)
700/550/ Si (100)
700/550/ Si (111)
800/550/ Si (100)
800/550/ Si (111)
900/550/ Si (100)
900/550/ Si (111)
1000/550/ Si (100)

1000/550/ Si (111)

Modes
3C (B)

6H (a)

770.5

775.9

768.2
764.5 788.9
764.3 789.1

774.1
764.1 787.6
763.1 787.6

770.4

773.3
760.1 785.3
762.8 787.8
765.0 790.4 1519.0
764.5 791 1516.3
765.4 791.9 1519.0
766.5 791.7 1516.3
765.4 791 795.7 1519.0
765.0 789.7 795.6 1516.3

Corresponding Raman frequencies of SiC polytypes [cm™]
TO TO TO TO 27O
796
[261]

767 789 1516
[187] [187] [188]

\/

\/
1712.9
1712.9V
1712.9V
1712.9V
1712.9V

1712.9V

2" TO

1714
[188]

(Note:  indicates the corresponding XRD spectrum shows a 2-theta peak).
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It can be seen from Table 2.6 that, at temperature combinations of Tey/ Tceo =

700/450 °C, SiC films grown on both Si (100) and Si (111) are amorphous 6H-SiC. SiC

grown on Si (100) at Tsuw/ Tceo = 800/450 °C, SiC grown on Si (111) at Tsw/ Tceo =

900/450 °C, and SiC films grown on both Si (100) and (111) at Tsu/ Tceo = 700/650 °C

are also amorphous. SiC film grown on Si (111) at Tsu/ Tceo = 700/550, 800/450 °C and

1000/450 °C are crystalline 6H-SiC, so are SiC film grown on Si (100) at T/ Tceo =

700/550, 900/450 °C and 1000/450 °C. At the combination temperature are higher than

Tsun/ Tceo = 800/550 °C, SiC films grown on both Si (100) and (111) are coexistence of

6H-SiC and 3C-SiC, and 3C-SiC are well crystallized at Tgu/ Tcgo = 1000/550 °C.
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After the identification of 550 °C as a better source temperature, the
crystallization of 3C-SiC thin films grown at different substrate temperatures of 800, 900,
and 1000 °C was investigated by omega (w) scan and omega-2 theta (w-28) scan, as
shown in Figures 2.23 and 2.24. FWHM,, decreases significantly with the the increasing
substrate temperature, indicating the lateral coherence of SiC film increases significantly
with the increasing temperature from 800 to 1000 °C, becuase the lateral diffusion of
carbon and silicon atoms increases exponentially with the increasing temperature (Figure
2.23). The decrease in FWHM,, from 900 to 1000 °C is larger than that from 800 to 1000
°C for SiC film on both Si (100) and (111), implying Tsw = 1000 °C is much more
effective in improving crystallization than Tg, = 1000 °C. However, the FWHM,,_,q
decreases significantly from 800 to 900 °C but slightly from 900 to 1000 °C for SiC on Si
(100), indicating vertical coherence is very low at Tgp = 800 °C, and increases
significantly from Ty, = 900 to 1000°C because of the low area atomic density of Si (100)
(Figure 2.24 a). In contrast, FWHM,,_,, decreases slightly from Ty, = 800 to 1000°C
for SiC on Si (111), meaning the vertical coherence increases slightly with T¢,, = 800 to
1000°C due to the high area atomic density of Si (111). Another obsersation is the samller
(w — 26) value at Ty = 800 °C than at Tgp = 900 and 1000°C, indicating the

compressive strain in SiC on Si (111) at T, = 800 °C.
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Fig. 2.23 XRD rocking-curve of 3C-SiC thin films grown on Si substrates at source
temperature of 550 °C and different substrate temperatures of 800, 900, and 1000 °C. (a)
SiC on Si (100). (b) SiC on Si (111).
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Figure 2.24: XRD Omega-2Theta (w-26) curve of 3C-SiC thin films grown on Si
substrates at source temperature of 550 °C and different substrate temperatures of 800,
900, and 1000 °C. (a) SiC on Si (100). (b) SiC on (111).

2.5 Characterization and analyses of samples grown on Si (100), Si (110), and Si (111)

To investigate and compare the effect of the Si substrates orientations on SiC
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films, three Si wafters with different orientations of (100), (110), and (111) were loaded
into the MBE chamber simultaneously. The first three different Si wafer substrates were
grown at Teun/Tceo = 800/550 °C for 10 minutes. The second three different Si wafer
substrates were grown at Tsu/Tceo = 1000/550 °C for 20 minutes. The morphology and
topography of SiC films were measured with SEM and AFM, respectively. Figures 2.25
and 2.26 show SEM and AFM images of SiC films grown on Si (100), (110) and (111) at
Tsun/Tceo = 800/550 °C for 10 min. and Teun/Teeo = 1000/550 °C for 20 min., respectively.
The surface roughness of the SiC films on Si (100), (110), and (111) is compared and
plotted in Figure 2.27. It can be seen that SiC grown at Tun/Tcso = 1000/550 °C is always
rougher than their counterpart at Tqun/Tceo = 800/550 °C. In general epitaxial growth, the
smoothness increases with substrate temperature, but in this study, we found the both
grain size and roughness increase with the increasing substate temperatue. This is
because the SiC film is formed through inter-diffusion of silicon (from Si substrate) and
carbon (from effusive cell) via formed SiC, making the SiC forming mechanism more
complicated than normal epitaxial growth (e.g., GaN on sapphire). Moreover, at Tsu/Tceo
= 800/550 °C, roughness Rsic on si (100) > Rsic on si 111)> Rsic on si (110), but at Teus/Tceo =
1000/550 °C, Rsic on si (100) > Rsic on si 110> Rsic on si (111)- This is because the area atomic
density of Si (100) is the lowest, that of Si (110) is the highest, and that of Si (111) falls
in between. The atomic distribution of three Si planes (100), (110) and (111) are shown
in Figure 2.28, and the area atomic density of three Si planes are calculated and listed in
Table 2.7. Since the area atomic density of SiC formed on Si is proportional to that of Si
surface for a short growing time, the roughness Rsic on si (100) > Rsic on si (111> Rsic on si 110)

is reasonable at T,/ Tceo = 800/550 °C for 10 min.
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Figure 2.25: SEM and AFM images of 3C-SiC grown on Si (100), (110) and (111) at

Toun/ Tcso=800/550 °C for 10 minutes. (a) SEM of 3C-SiC on Si (100). (b) AFM of 3C-
SiC on Si (100). (c) SEM of 3C-SiC on Si (110). (d) AFM of 3C-SiC on Si (110). (e)
SEM of 3C-SiC on Si (111). (f) AFM of 3C-SiC on Si (111).
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Figure 2.26: SEM and AFM images of 3C-SiC grown on Si (100), (110), and (111) at
Tsun/ Tceo=1000/550 °C for 20 minutes. (a) SEM of SiC on Si (100). (b) AFM of SiC on Si
(100). (c) SEM of SiC on Si (110). (d) AFM of SiC on Si (110). (e) SEM of SiC on Si

(111). (f) AFM of SiC on Si (111).
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However, with the increase of substrate temperature and growth time, SiC film become
thicker, making it difficult for Si to out-diffuse from the underneath Si substrate, leading
to uneven SiC film, especially for the highest area atomic density of SiC on Si (110). As
a consequence, excessive decomposed C60 accumulates on SiC surface, contributing to
the roughness of SiC film. The SEM image shown in Figure 2.26 (c) displays white
particle (decomposed C60) of less than 10 nm in size randomly distributed on SiC film
on Si (110). However, the similar white particles are not obviously observed on SiC films
on Si (100) and Si (111). These observations are also corroborated by the Raman spectra
shown in Figure 2.32 (f) in which Raman peaks at 1358.9 and 1605.4 cm™ are D and G

bands of excessive decomposed C60.

= SiC on Si (100)
SiC on Si (110)
A SiConSi(111)

> e

Roughness (rms) (nm)
w
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A
24¢ °

2

800 1000
Substrate Temperature (°C)

Figure 2.27: Roughness (RMS) comparison of SiC films grown on Si (100), (110) and
(111) at Teus/Tceo = 800/550 and 1000/550 °C.

Table 2.7: The number of atoms and area atomic density of Si (100), (110) and (111)

Plane orientation No. of atoms Density of surface atoms (atoms/cm®)
Si (100) 2 6.78 x 10**
Si (110) 4 9.59 x 10™
Si (111) 2 7.83 x 10
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() Si (100) (b) Si (110) () Si (111)

Figure 2.28: Schematic illustration of atomic distribution of three Si planes. (a) Si (100).
(b) Si (110). (c) Si (111).

XRD two-theta scan also were performed on SiC films grown on Si (100), (110),
and (111) at Tsus/Tceo = 800/550 and Tsun/Tceo = 1000/550 °C. XRD spectra are shown in
Figures 2.29 (a) and (b), respectively. It can be seen 3C-SiC (111) and/or 6H-SiC (102)
represented by 26 = 35.6° were formed on Si (110) and (111), and 3C-SiC (200) or/and
6H-SIiC (104) repsresented by 26 = 41.4° were formed on Si (100). Omega scans were
also performed on SiC films on three Si plane orientations (100), (110), and (111) and
shown in Figures 2.30 (a) and (b). The omega values are calculated and plotted as shown
in Figure 2.30 (c). Since the range of omega peak cannot cover the whole peak, it is hard
to quantify the FWHM values accurately. From the omega (w) values, it can be seen that
at Tsun/Tcso = 800/550 °C, the omega values of 3C-SiC (200) on Si (100) cannot be surely
identified because of the broad and noisy omega peak, that of 3C-SiC (111) on Si (110) is
smaller than that of single crystal, and that of 3C-SiC (111) on Si (111) is larger than of
single crystal. This means the d-spacing of 3C-SiC (111) on Si (111) is smaller than that
of single crystal, but d-spacing of 3C-SiC (111) on Si (110) is larger than that of single
crystal, implying 3C-SiC (111) films on Si (111) at Tsu/Tceo = 800/550 and 1000/550 °C
are subject to biaxial tensile strain, and 3C-SiC (111) films on Si (110) at Tsup/Tceo =

800/550 and 1000/550 °C are subject to biaxial compressive strain. This can be confirmed
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by the redshift of LO of 3C-SiC (111) on Si (111) shown in Figure 2.32 (c). Another
observation for 3C-SiC (200) on Si (100) is that omega value at Tgup/Tceo = 1000/550 °C
is closer to that of single crystal than that of Tgw/Tceo = 800/550 °C. Therefore, the
increase in substrate temperature from 800 to 1000 °C has more obvious effect on 3C-SiC
(200) on Si (100) than 3C-SiC (111) on Si (110) and Si (111).

The crystalline and phonon stucutre of SiC films grown at Si (100), (110) and
(111) were also measured with p-Raman spectroscopy. A 532 nm wavelength Nd-YAG
laser with the power of 2-3 mW was focused with 100 x objective lense onto the samples
in same acquisition conditions. All spectra were taken in single spectrum window to
avoid any potential shift caused by the moving of the grating. The Raman spectra of SiC
films grown at Tg/Tceo = 800/550 °C for 10 min. are shown in Figures 2.31 (a) — (c).
Figure 2.31 (a) shows that all spectra of SiC on Si (100), (110) and (111) displays the 1*
order TO modes of 6H-SiC and 3C-SiC at about 761 and 790 cm™, respectively. Since
the peak of 790 cm™ are actually the combination of two components and the peak
intensity is very low, it is hard to compare the relative shift of each spectrum. The
Lorentzain decomposition of TO bands of SiC grown on Si (110) is shown in Figure 2.31
(c). There are totally three peaks of 762, 786, and 793 cm™ after Lorentzian
deconvolution. The first two peaks are TO bands of 6H-SiC and the third one is TO of
3C-SiC [187]. The spectra in Figure 2.31 (b) show the second order TO at 1517 and 1713
cm™ [187]. The additional peak of 1608.7 cm™ should be G band of the decomposed C60,
as shown in Figure 2.21, indicating some excessive carbon atoms on SiC. Figure 2.31 (a)

shows TO of SiC grown on Si (110) has the strongest intensity because of the highest



area atomic density of SiC on Si (110)
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Figure 2.29: XRD patterns of 3C-SiC grown on Si (100), (110) and (111). (a)

Toun/ Tcso=800/550 °C for 10 minutes. (b) Tsu/Tceo=1000/550 °C for 20 minutes.
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resulting from the highest area atomic density of
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Figure 2.30: XRD rocking curves of 3C-SiC grown on Si (100), (110) and (111).
(@) Tsun/Tce0=800/550 °C for 10 min. (b) Tsu/Tceo=1000/550 °C for 20 min. (c) Omega
value (the red lines represent the Omega values of single crystals).

The Raman spectra of SiC grown on Si

(100), (110) and (111) at

Taub/Tceo=1000/550 °C for 20 min. are shown in Figures 2.32 (a) to (f). Figure 2.32 (a)

and (b) show the frequencies of TO and LO modes of 3C-SiC are 794 and 969 cm™,

respectively, and the frequency of the TO mode of 6H-SiC is 767 cm™.
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Figure 2.31: Raman spectra of SiC films grown on Si (100), (110) and (111) at
Tsun/Tcso=800/550 °C for 10 min. (a) The 1% order TO. (b) The 2" order TO. (c)
Lorentzain decomposition of the 1% order TO of SiC grown on Si (110).

The TO mode of 3C-SiC actually contains two components which can be resolved
by Lorentzian decomposition as shown in Figure 2.32 (d). The two components, 791 and
795 cm™ are TO modes of 6H-SiC and 3C-SiC, respectively. The peak at 765 cm™ is also
TO mode of 6H-SIC. Figure 2.32 (c) shows that LO mode of 3C-SiC grown on Si (111)
redshifts by 1.4 cm™ relative to that of 3C-SiC grown on Si (110) and redshifts by 1 cm™
relative to that of 3C-SiC on Si (100). This means 3C-SiC on Si (111) is subject to more
biaxial tensile strain than those on Si (110) and (100) due to the larger lattice mismatch
on Si (111). This is in agreement with that smaller d-spacing indicated by the smaller
omega (w) value of SiC on Si (111) compared to single crystal SiC, as shown in Figure
2.30 (c). The spectra in Figure 2.32 (e) show two 2" order TO bands of 6H-SiC with the

frequencies of 1517 and 1713 cm™ [187]. Two broad peaks at 1359 and 1605 cm™ in

spectrum of SiC on Si (110) are D and G bands of decomposed C60, respectively [186].
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The spectrum of C60 was also plotted in pink color in Figure 2.32 (e) as a reference to
prove that C60 was already decomposed. Peaks at 1465 and 1588 cm™ belong to C60.
The decomposed C60 can also be observed as the particles in white color in the SEM
image shown in Figure 2.26 (c). The spectra of SiC on Si (110) in the spectal range from
1300 to 1750 cm™ can be resolved by Lorentzian decomposition as shown in Figure 2.32
(f). Totally, there are four subpeaks: 1359 and 1614 cm™ are D and G bands of
decomposed C60, and 1547 and 1711 cm™ are the second order TO bands of SiC grown
on Si (110). The intensity of the Raman spectrum of SiC on Si (110) is always higher
than those of SiC on Si (100) and Si (111) due to the largest area atomic density of Si
(110). It can also be observed from Figure 2.32 (c) that at Teu/Tceo/time =1000
°C/550°C/20 min, there are excessive decomposed C60 on SiC grown on Si (100), (110)
and (111), though SiC/Si (110) has most excessive C60, indicating the growth time is too

long for obtaining stoichiometric SiC.
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Figure 2.32: Raman spectra of SiC films grown in Si (100), (110), and (111) at
Tsub/ Tceo=1000/550 °C for 20 min. (a) Overall spectra. (b) The first order modes. (c) LO
modes of 3C-SiC. (d) Lorentzian deconvolution of the 1% order TO modes. (e) The 2"
order TO(s) modes. (f) Lorentzain deconvolution of the 2" order TO modes of SiC on Si
(120).
2.6 TEM of SiC on Si (111)

TEM was also used to inspect the crystal structure of SiC on Si (111) grown at
Taun/Tceo=800/550 °C for 10 min. The TEM images and corresponding diffraction
patterns are shown in Figures 2.33 and 2.34. In small domain, SiC is single crystal

structure as shown in Figures 2.33 (a) and (b), and in large domain, SiC is polycrystal

structure as shown in Figures 2.34 (a) and (b).
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(@) (b)

Figure 2.33: TEM micrograph of SiC on Si (111) in single crystal domain. (a) TEM
image. (2) Diffraction pattern of 3C-SiC. [zone axis (110)]

(@) (b)

Figure 2.34: TEM micrograph of SiC on Si (111) in polycrystal domain. (a) TEM image.
(b) Diffraction pattern.

2.7 Summary and conclusions

The uniformity of SEM morphology and roughness of AFM topography indicate
the source temperature of Tcgo = 550 °C is preferable to Tcgo = 450 °C because the proper
C60 flux at Tceo = 550 °C can cover the Si substrate to form uniform SiC film. For short
growth time of 5 minutes, the roughness of SiC film increases with substrate temperature,

and grain size and crystallization also increase with substrate temperature, as shown in
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Figure 2.35. At Teu/Tceo/time = 800 °C /550 °C/10 min, SiC on Si (110) is smoothest

among three Si palne orientations due to the highest area atomic density of Si (110).
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Figure 2.35: Morphology evolution of SiC grown on Si (111) with increasing substrate
temperature. (a) 700 °C. (b) 800 °C. (c) 900 °C. (d) 1000 °C.
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At Tsu/Teeo/time = 1000/550 °C/20 min, SiC on Si (111) is the smoothest because more
excessive decomposed C60 (20 min.) on SiC on Si (110) resulting from the difficulty of
Si in out-diffusing from Si substrate. On Si (100), SiC starts to crystallize at Tsu/Tceo =
900/550 °C, while on Si (111), SiC starts to crystallize at Tsy,/Tceo = 800/450 or 700/550
°C based on XRD results (Figure 2.11). The crystallization of SiC films at different

temperatures is summarized in Table 2.8.
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Table 2.8: Crystallization of SiC polytype films grown on Si (100) and (111)

Growth
conditions

700/450/ Si (100)
700/450/ Si (111)
800/450/ Si (100)
800/450/ Si (111)
900/450/ Si (100)

900/450/ Si (111)
1000/450/ Si
(100)

1000/450/ Si
(111)

700/650/ Si (100)
700/650/ Si (111)

700/550/ Si (100)

700/550/ Si (111)
800/550/ Si (100)

800/550/ Si (111)
900/550/ Si (100)
900/550/ Si (111)
1000/550/ Si
(100)

1000/550/ Si
(111)

Raman modes (cm™) XRD Crystallization
6H 6H 3C
1st 1st 1st
TO TO TO
(767) (789) (796)
770.5 Amorphous 6H
775.9 Amorphous 6H
768.2 Amorphous 6H
764.5 788.9 Yes  Crystalline 6H
764.3 789.1 Crystalline 6H
(low)
774.1 Amorphous 6H
764.1 787.6 Crystalline 6H
(low)
763.1 787.6 Crystalline 6H
(low)
770.4 Amorphous 6H
773.3 Yes  Amorphous 6H
(low)
760.1 785.3 Crystalline 6H
(low)
762.8 787.8 Yes  Crystalline 6H
765.0 790.4 6H+3C
(amorphous)
764.5 791 Yes  6H+3C (crystalline)
765.4 791.9 Yes  6H+3C (crystalline)
766.5 791.7 Yes  6H+3C (crystalline)
765.4 791  795.7 Yes 6H+3C (crystalline)
765.0 789.7 795.6 Yes 6H+3C (crystalline)

At lower Tgn/Tceo temperature combination, the SiC film is amorphous or crystalline 6H-

SiC polytype, and with the increase of temperautes, 6H-SiC phase is formed increasingly

and more 3C- phase are formed. On Si (111), Tsuw/Tcso = 800/450 or 700/650 °C yields

amorphous 6H-SiC, but Tceo = 550 °C yields 6H-SiC or the mixture of 6H- and 3C- SiC

when Ty, is above 700 °C. Therefore, both kinetic energy and flux of decomposed C60

determined by the C60 source temperature contribute the formation and crystallization of
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SiC polytypes, i.e., 3C- or 6H- SiC. The higher area atomic density of Si (111) might
facilitate the crystallization of SiC on Si (111) at low temperatures. On both Si (100) and
(111), at the C60 source temperatue of 550 °C and growth time of 5 minutes, FWHM of
omega of SiC decreases with the substrate temperature increases from 800 to 1000 °C.
Therefore, the lateral coherence of SiC film increases and tilt angle decreases with the
increasing substrate temperature. At low substrate temperature of 800 °C, 3C-SiC (111)
on Si (111) and (110) has narrower omega FWHM and thus better crystallization than
3C-SiC (200) on Si (100) (Figures 2.30 (a)). However, at high substrate temperature of
1000 °C, FWHM of omega of 3C-SiC (200)/Si (100) is close to that of 3C-SiC (111)/Si
(111) and /Si (110), because the high diffusivity of Si and C at high temperature
compensate the difference in area atomic density. At Tsu/Tceo = 1000/550 °C and for the
growth time of 20 minutes, the FWHM of omega of 3C-SiC (200) is much narrower than
those of 3C-SiC (111) on Si (110) and (111). The d-spacing of 3C-SiC (111) on Si (111)
is closer to that of single crystal 3C-SiC (111) and smallerr than that of 3C-SiC (100) on
Si (110). The larger d-spacing of 3C-SiC (111) on Si (110) indicates that SiC film
sustains compressive strain caused by the dense SiC film and accessive decomposed C60.
Different from the SiC (200) on Si (100) and SiC (111) on Si (110), the SiC (111) films
on Si (111) at both Tgn/Tceo = 800/550 °C and Tsu/Tceo = 1000/550 °C are subject to
biaxial tensile strain which may help itself to be decomposed into graphene layers under
laser illumination as shown in Figure 3.6. TEM images and electron diffraction patterns
show the SiC film is single crystal in small domain and polycrystal in large domain. At
Tsun/ Tcso = 800/550 °C for 10 min., SiC on Si (110) is the smoothest, but at Tep/Tceo =

1000/550 °C for 20 min, SiC on Si (111) is the smoothest.



CHAPTER 3: LASER-INDUCED GRAPHENE

3.1 Laser annealing technique

A 532nm continuous wave (CW) Nd-YAG laser with maximum incident power
of about ~30 mW was used to illuminate and then decompose 3C-SiC (111) on Si (111)
into graphene layers. The 532 nm laser is an integrated part of a confocal pu-Raman
system (LabRAM HR800, Horiba Jobin Yvon). The beam size of 1-2 mm can be focused
down to a diffraction limit spot size of 0.7 um on the sample surface when a 100x
objective lens is used. The Raman signal is collected in backscattering geometry. The
Raman mapping is carried out by moving the translational stage where the sample sits,
controlled with programmable software. With the addition of an external shutter
synchronized with the internal shutter within the spectrometer, the Raman map setup can
also be used to control laser illumination in dot, line, or area patterns in micro scale or
potential in nanoscale (if shadow masks are used to define the illumination area). Under
the laser illumination, 3C-SiC film on Si (111) decomposes, i.e., the Si atoms are
sublimated by the local heating, and the remaining carbon atoms reconstruct into
graphene layers. The phase transformation mechanism is schematically illustrated in

Figure 3.1.
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Figure 3.1: Schematic illustration of phase transition of laser-induced graphene.

In recent year, although there are a few research reports related to laser induced
graphene (LIG) [119-126], they all focus on illuminating single crystal SiC with high
pulsed laser power. This study concentrates on 3C-SiC film directly deposited on a Si
substrate. This approach could produce graphene layers directly on Si substrate without
any graphene transfer processes which may incur contamination or damage. Moreover,
LIG process could locally form graphene in selected locations, desired shapes, and
defined dimensions. Specially, LIG technique, with the assist of selective deposition of
3C-SiC film on Si substrate, has potential applications in patterning micro- or even nano-
scale periodic graphene structures which could be integrated into Si-based
nanoelectronics or graphene-Si superstructure.

In fact, electron beam, similar to photon beam, was also reported in 1982 by
lijima [185] to be able to induce graphitic sheets from 6H-SiC. He also found in the
electron diffraction patterns that some narrow bands of concentric rings correspond to
single or double graphitic sheets. Actually, the single or double graphitic sheets are

single- or double- layer graphene. The earlier graphitization-related laser annealing work
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was reported by Ohkawara et al. [119] in 2003. This study demonstrated graphitization of
sintered 6H-SIiC (ploycrystal) using a pulsed 1064nm Nd-YAG laser and confirmed
graphitization with SEM, EDS, XRD, and Raman. The Raman spectra showed D and G
modes of graphite at 1360 and 1580 cm™, respectively. However, the spectral range was
not long enough to include G’ (2D) peak. Probably, G' (2D) still existed though not
displayed. Since other carbon structures, such as C60, also show the D and G peaks but
not G’ (2D) peak, the 2D peak is a more reliable signature for the graphite or graphene
structures. Three reaction gases, argon, carbon dioxide, and air, were induced into
reaction chamber during laser illumination. However, no difference in graphitization was
observed for three different reaction atmospheres. Six years later in 2009, Perrone et al
[120] investigated the possibility of graphene growth on 4H-SiC via laser processing.
XPS and Raman results of the laser-illuminated 4H-SiC showed a broad G’ (2D)
graphene signature in this study. To pursue SLG or FLG, Lee et al [121] and
Yannopoulos et al. [122] have developed the laser processes to achieve SLG and FLG in
2010 and 2012, respectively. All reported laser process techniques used to induce
graphene from SiC polytypes are listed in Table 2.1. Recently, , laser direct growth of
graphene on Si substrate [124] and selective graphene patterning via laser-induced CVD
[125].

For us, using laser to convert SiC thin-film into graphene was in fact an accidental
finding. At first we measured the Raman spectra of as-grown SiC samples using the full
power of the laser ~ 30 mW, using 50x lens, and the graphite or graphene signature peaks
D, G, in particular 2D were observed, which initially let us to think graphene was directly

grown on Si. However, when we measured the as-grown sample using a substantially
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Table 3.1: Research works related to laser induced graphitization from SiC polytypes

Year SiC Laser type and conditions Results

Author polytypes

Ref.

2003 6H Pulsed 1064 nm Nd: YAG; 5 ms pulse MLG

Ohkawara  (sintered) duration; 150 J/cm? 1 shot; argon, carbon

et al. Polycryst  dioxide, and air, respectively.

[119] al (peak power density 3x 10* W/cm?)

2009 4H wafer  Pulsed 1064 nm Nd: YVO, (converted from G/D

Perrone (Cree CW with max.1300W/cm?); 8 ns pulse width ratio<1 and

et al. Inc.) (min.); 15W, 5 to 40 kHz; 10 and 15W, 30 G’ (2D)

[120] Single and 40 kHz; 20 and 45 um spot size. MLG
crystal (peak power density 1.6~8 x 101°W /cm?)

2010 4H wafer  Pulsed 248 nm KrF; 1 J/cm?; 25 ns pulse; 20 SLG, BLG,

Lee et al. Single Hz; 2mm? spot size; UVH<107 torr. FLG

[121] crystal (peak power density 4x 107 W/cm?)

2012 3ConSi CW 532 nm Nd-YAG; 10~30 mW; air; 700 G/D ratio >

Yue et al. Polycryst  nm spot size. 1, FLG,

[126] al (2.6~8 x 106 W/cm?) MLG

2012 6H CW 10.6 um CO,, argon gas; 3-4 mm® spot G/D>>1,

Yannopoul Single size; (laser power was not reported) FLG

os et al. cystal

[122]

reduced power, for instance, attenuated by a factor of 10, the graphene related peaks
disappear entirely (below the detection limit which is typically below 1 cps) instead of
proportionally to the power. Furthermore, if we first illuminated the as-grown sample
with the full power in the meantime took the Raman spectrum, then measured by the
same attenuated power again, we found that the Raman singal strength only reduced
proportionally. These measurements clearly indicate the as-grown sample is not graphene
but simple SiC. It is the laser illumination making the local conversion, which is also
supported by the corresponding changes in the SiC related Raman features before and
after illumination. The conversion can be understood as the result of local heating effect.

For the single crystalline SiC sample, it has been estimated that the local temperature
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change under pulsed laser illumination could be as high as 1573 K using with average
power of 15W with 8 ns pulse width. The peak power density used was 1.6 ~ 8 x 10
W/cm? [120]. In our case, 10 mW can yield a power density of 2.6x10%cm?. Because our
SiC film is polycrystalline with rather small domain sizes, the expected low thermal
conductivity could lead to higher temperature increase than in the single crystalline
sample for the same laser power density. The low illumination power of polycrystalline
SiC is also indicated in ref. [119], in which only 3x 10* W/cm? was used; the power
density is about two orders of magnitude lower than that used in this study. The SiC in ref.
[119] was polycrystalline bulk sintered from SiC powders, while the SiC in this study
was polycrystalline SiC thin film on single crystal Si substrate, because Si substrate may
dissipate more heat than SiC polycrystalline bulk does.

To induce graphene from 3C-SiC, the laser power of 20-30 mW focused by 100x
lens integrated with Raman system was used. In Raman measurement, the incident laser
power was reduced down to 1 to 2 mW to avoid any laser-heating effect. The Raman
spectra of LIG and 3C-SiC without laser illumination were plotted in Figure 3.2 (a). It
can be seen that after laser illumination, three strong peaks of 1348, 1583, and 2691 cm™,
which correspond to D, G, and G’ (2D) bands of graphene, emerge. Also, the intensity of
TO mode of 3C-SiC drops significantly. These variations in Raman peaks indicate the
generation of graphene and decomposition of 3C-SiC. Since the Raman spectrum of C60
also presents D and G bands though broad, we measured as-received C60 powders and
LIG using the same acquisition conditions, and plot their Raman spectra in Figure 3.2 (b).
The spectrum comparison between laser-illuminated 3C-SiC and C60 shows the spectrum

of the latter does not have a peak at 2690 cm™ corresponding to G’ (2D) even though two
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broader peaks at 1350 and 1580 cm™ also pop up. This means that the three sharper peaks
are not from C60. These spectra comparison convincingly confirms that under the laser

irradiation, 3C-SiC was decomposed and graphene layers were induced.
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Figure 3.2: Raman spectra of laser-illuminated 3C-SiC, as-grown 3C-SiC, and as-
received C60. (a) Graphene versus 3C-SiC. (b) Graphene versus C60.
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This observation inspires us to develop laser annealing process into a technique for
synthesizing graphene, especially for patterning small feature size graphene.

3.2 Characterization of laser-induced graphene (LIG) from 3C-SiC on Si (111)

In addition to Raman spectroscopy, TEM (JEOL2100) and AFM (Nanoscope
SPM V5r30, Veeco. USA) were also used to further confirm graphene sheets. The d-
spacing between graphene layers was measured to be about 3.70 A from TEM image
shown in Figure 3.3 (This is the separation between layers in graphite; it should be ~ 3.35
A) . This value is larger than that of the crystalline graphite with A-B stacking (Bernal
stacking, ¢/2 = 3.35 A), but close to the theoretically predicted graphene layers separation
of 3.61 A (0 K) for the A-A stacking (turbostratic stacking) [189], implying that the
stacking order of the multi-layer graphene is different from that in the crystalline graphite
such as HOPG [190], and expecting weaker interlayer coupling. The turbostratic stacking
results from extremely fast heating and cooling rates of laser which may not give
graphene layers enough time to equilibrate into the energetically favorable stacking order.
The number of graphene layers was found to be about 8-9 layers, falling in the range of
FLG. As corroborative evidence, the tapping mode AFM image shown in Figure 3.4
revealed a flake with thickness of 3.517 nm, which is approximately the thickness of

3.517/3.7 =9 ~ 10 layers in agreement with the result from TEM image.
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Figure 3.4: AFM results of laser-induced graphene on 3C-SiC (111)/Si(111). (a) Height
image. (b) Thickness.

After the characteristic confirmation of laser-induced 3C-SiC with p-Raman,
TEM, and AFM, a 20 um long graphene ribbon was written on 3C-SiC (111)/Si(111) and
characterized with p-Raman mapping, as shown in Figure 3.5. The Figure 3.5 (b) is
Raman intensity image of G’ (2D) peak in the spectral range of 2650-2750 cm™. The
comparison of Figure 3.5 (a) with Figure 3.5 (b) show that graphene layers distribute

within the 20 um long ribbon scanned with a 532nm laser focused with 100 x lens. The
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optical image shown in Figure 3.5 (a) displays that the line width of about 1 um results
from the laser spot size of about 0.7 um. The comparison of Raman image shown in
Figure 3.5 (b) with optical image shown in Figure 3.5 (a) indicates that the graphene
layers distribute uniformly within the ribbon, which is further confirmed by the spectral
comparison between illuminated and non-illuminated areas, as shown in Figure 3.5 (c).
These promising results provide inspiring possibility for patterning electronic devices and

electron-photon superstructures which will be explored in the following chapters.
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Figure 3.5: Raman map results of LIG. (a) Optical image (scale bar: 5 um). (b) Raman
map image (image size: 50 x10 pm?; spectral range: 2650~2750 cm™). (c) Raman spectra
selected from different points.

3.3 Comparison of LIG on three Si substrates (100), (110), and (111)

As discussed in Chapter 2, the crystalline structures of 3C-SiC films depend on
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the crystalline plane orientation of the Si substrates. Similarly, the quality of LIG also
depends on the crystalline structure of 3C-SiC films. Therefore, it is necessary to
compare LIGs derived from three different Si substrates (100), (110) and (111). Laser
irradiation on three types of 3C-SiC thin films grown on three Si substrates (100), (110)
and (111) were performed with same illumination conditions and the LIG graphene layers
were characterized using p-Raman with same acquisition conditions. Raman spectra are
plotted and shown in Figure 3.6.

In order to find out the variations before and after laser illumination to identify the
features resulting from laser illumination, two spectra at each test point before and after
illumination were collected. Also, the spectrum of bare Si (100) was collected as a
reference to identify the weak peaks from thin 3C-SiC. When comparing the spectra,
since multi-spectral windows have to be used to cover a large spectral range including
phonon modes of silicon, 3C-SiC, and LIG graphene, TO of standard Si (100) wafer was
used as a reference to calibrate the relative spectral shift of each spectrum caused by the
potential mechanical errors due to moving grating. All spectra are shown in Figure 3.6. It
can be seen that graphene layers can be induced from all 3C-SiC grown on three different
Si substrates (100), (110) and (111). However, 3C-SiC (111)/Si (111) shows much
stronger G’ (2D) band and much lower D to G ratio than those of 3C-SiC(100)/Si(100)
and 3C-SiC (111)/Si(110), and 3C-SiC (200)/Si (100) has weakest G’ (2D) band and
largest D to G ratio. This means that it is easier for graphene layer to be laser-induced
from 3C-SiC (111)/Si (111) than from 3C-SiC (200)/Si (100) and 3C-SiC (111)/Si (110),
and Si (111) is the most suitable substrate for growing 3C-SiC (111) for graphene

conversion. The decomposition of 3C-SiC can also be confirmed by the drop in intensity
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of TO mode at 793 cm™ of 3C-SiC. It can be seen that the intensity of TO of 3C-
SiC(111)/Si(111) drops significantly after laser illuminated, while the other two drop
only slightly. As analyzed in chapter 2, 3C-SiC on Si (111) substains tensile strain, while
3C-SiC on Si (100) and Si (110) sustain compressive strain. This is one reason that it is
easier to decompose 3C-SiC on Si (111) than those on Si (100) and (110) and more
obvious graphene Raman signature was observed on Si (111) after laser illumination.
Moreover, the G bands of graphene layers on 3C/SiC(100)/Si(100) and 3C-SiC
(111)/Si(110) blue-shift with respect to that of 3C-SiC(111)/Si(111), which means that
graphene layers on the former two might undergo compressible strain/stress due to the

larger lattice mismatch between graphene and underlying 3C-SiC.
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Figure 3.6: Raman spectra of laser-induced graphene on 3C-SiC grown on Si (100), (110)
and (111).

3.4 Phonon modes of graphene and laser energy dependence

Since both D and G’ (2D) bands of graphene layers are double resonant phonon
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modes and thus laser-energy dispersive [191], the Raman spectrum of laser-induced
graphene on 3C-SiC(111)/Si(111) was measured with three excitation lasers with three
different wavelengths of 442, 532, and 633 nm, respectively, as shown in Figure 3.7. It
can be seen from Figure 3.7 (a) that both D and G’ (2D) blue-shift along with the
increasing excitation laser energy, but the increase rate of the G’ (2D) band is almost
double that of the D band. The linear extrapolation of the plot of D and G’ (2D) band
wavelength  versus laser energy shown in  Figure 3.7 (b) shows
Awp/AE  ser = 49.1 cm™Y/eV, and Aw,p/AE4ser = 103.4 cm™1/eV, which is close
10 Awp/AE,4ser~50 cm™1/eV and Aw,p/AE4ser~100 cm™t/eV [191]. Another
observation is the intensity ratio of (D/G) decreases with increasing laser energy. This is
because the laser spot size decreases with the decrease in wavelength (i.e., increase in
laser energy), and the defects or disorders concentrate mostly on the edge of the
illuminated area. Larger laser spot size collects more signal from edge, while smaller spot
size collects less signal from edge. However, the signal of G mode changes slightly with
the spot size. Therefore, the D/G ratio of LIG increases with decreasing wavelength and

increasing laser energy.
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Figure 3.7: Laser energy dependence of Raman spectra of laser-induced graphene on 3C-
SiC (111)/Si(111). (a) Raman spectra. (b) Linear dispersion of D and G’ (2D) band.

The excitation energy dependence of D and G’ (2D) bands of graphene can be
explained by the resonance Raman processes illustrated in Figure 3.8. For example, the D

band is inter-valley double resonant (DR), and Raman scattering is a fourth order process
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as shown in Figure 3.8 (d) : (1) a laser induces excitation of an electron-hole pair; (2)
electron (or hole) - phonon inelastic scattering with an exchanged momentum q ~ K; (3)
elastic scattering of the electron (or hole) by a defect; and (4) the recombination of the

excited electron and hole. The second and third steps can be exchanged.
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Figure 3.8: Schematic illustration of resonant phonon modes of graphene.

3.5 Raman spectra comparison of LIG, natural graphite, and graphene on other substrates
In order to compare quality of laser-induced graphene on 3C-SiC(111)/Si(111)

with natural graphite or monolayer graphene on other substrates, we collected different

samples listed in Table 3.2 and illustrated in Figure 3.9. Among these samples, only LIG

and graphene on Ni/sapphire were synthesized by us. The graphene on Ni/sapphire was
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grown by evaporating C60 on Ni/sapphire substrate at about 700 °C. The carbon atoms
were decomposed from C60 and then dissolved into Ni. During cooling down process,
carbon atoms segregate from Ni and reconstruct into graphene layers. The the number of
graphene layer depends on the growth temperature and cooling rate.
First, Raman spectra were collected from all available graphene samples and overlayed
together with that of LIG as shown in Figures 3.10 and 3.11. It can be seen that D mode
of laser induced graphene is much higher than those of natural graphite and monolayer
graphene on different substrates. However, since the LIG graphene layers were induced
by a laser spot size of about 0.7 um and measured with the same laser spot size, the
defects or disorders which most likely concentrated on the edges are also collected as
Raman signal, contributing to the intensity of defective D mode. The 2D peak shape of
LIG is symmetrical and close to that of single layer graphene de-convoluted from natural
graphite, indicating stacking order of laser-induced graphene is turbostratic or A-A stack
instead of Bernal or A-B stack.

Table 3.2: List of LIG, graphite, and monolayer graphene on different substrates

S/IN  Name Description

1 Asbury graphite Natural graphite, bulk

2 Graphene on Ni MLG grown on Ni/sapphire substrate by us

3 Graphene on SiO,/Si SLG graphene (CVD) transferred on SiO,

4 Graphene on SS SLG graphene (CVD) transferred on stainless steel
5 Graphene on quartz SLG graphene (CVD) transferred on quartz

6 LIG Laser induced graphene from 3C-SiC on Si (111)




Figure 3.9: Optical images of LIG, graphite and graphene samples
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Figure 3.10: D and G bands spectra of LIG and monolayer graphenes on other substrates.
(a) Raman spectra. (b) FWHM and G mode frequency.
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Figure 3.11: G’ (2D) band spectra of LIG and monolayer graphenes on other substrates.
(@) Spectrum. (b) FWHM and G’ (2D) mode frequency.

From Figure 3.10 (b), it can be seen that G bands (in blue color) of all SLG or
MLG on Ni upshift/blueshift by 2 to 8 wavenumbers with respect to that of natural
graphite. This means monolayer graphene transferred onto alien substrates are either
subjected to compressive strain or are doped with charge carriers (electrons or holes)
[192]. This may be due to the lattice mismatch or chemical doping caused by charge
transfer, and both electron and hole transfers cause blueshifting of G band [192].
Compared with SLG transferred on SiO,/Si, stainless steel, and quartz, as well as MLG
grown on Ni, the G band of LIG graphene layers blueshifts less, i.e., one wavenumber,
implying LIG graphene layers sustain less compressive strain or less chemical doping.
Although G band frequency of LIG is closer to that of graphite, FWHM is much larger
and about 3 times that of graphite, because LIG is polycrystalline or an ensemble of small

graphene domains, associated with the polycrystalline structure of the SiC film. The
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doublelet structure of the 2D peak is a good indication of c-axis ordering and thus
turbostraticity [193]. In particular, it was reported that turbostratic graphene, i.e., with A-
A stacking, has a single 2D peak and FWHM of ~ 72 cm™, which is double that of the 2D
peak of graphene (~30 cm™) and is upshifted by 20 cm™ [193]. This report is in
agreement with the results observed in Figures 3.11 (a) and (b): the FWHM of 2D peak
of LIG is ~ 74 cm™, larger than that of graphene on quartz (~ 30 cm'1) by ~ 20 cm™.
Therefore, the FWHM of 2D peak of LIG shows the c-axis stacking of LIG is turbostratic
ordering (A-A stacking) instead A-B stacking, which is consistent with the layer
separation from the TEM image shown in Figure 3.3. With respect to the G'/2D band of
natural graphite, that of LIG graphene layers blueshifts by ~ 16 cm™, implying doping by
hole [192]; that of SLG on SiO, blueshifts by ~ 2 cm™, implying doping by holes; that of
MLG on Ni blueshifts by ~ 34 cm™, implying doping by holes; however, those of SLG on
stainless steel and quartz redshift by 5 and 2 cm™, implying doping by electron,
respectively. In terms of small peak shift and narrow FWHM, quartz substrate stands out
as the best substrate candidate to support single layer graphene. In Figure 3.10 (a), there
is obviously a shoulder peak of 1619.1 cm™ on the right-handed side of G peak of the
LIG spectrum. The shoulder peak is designated as D’ which is also a defect or disorder
induced peak, but it is an intra-valley single resonant mode as shown in Figure 3.8 (c). D’
peak can be resolved by using Lorentzian decomposition as shown in Figure 3.12. The G’
(2D) peak of natural graphite is actually composed of two components which can be
resolved and shown in Figure 3.13 (a), and G’ (2D) of LIG contains only one symmetric

but broader as shown in Figure 3.13 (b). For graphene layers grown on Ni/sapphire
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should be MLG because Lorentzian decomposition of asymmetric G’ (2D) peak shows

that the G’ (2D) peak can be resolved into two subpeaks, as shown in Figure 3.14.
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Figure 3.12: Lorentzian decomposition of the convoluted G peak.
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Figure 3.13: Lorentzain decomposition of G’ (2D) peak of (a) Natural graphite. (b) LIG.
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Figure 3.14: Lorentzain decomposition of G’ (2D) peak of MLG on Ni/sapphire.
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Besides three major phonon modes of graphene, there are a few higher order
modes. Therefore, the extended spectral range was selected to include these modes.
Figure 3.15 shows three Raman spectra of LIG, natural graphite and monolayer graphene
on SiO,/Si in the spectral range from 1000 to 4500 cm™. In addition to D, D', G, and G’
(2D), there are four (4) more peaks: 2450, 2928, 3247, and 4306, which are designated to

(T+G), (D+G), 2D’, and (G'+G), respectively.

—— Natural graphite
—— Monolayer graphene on SiO,/Si

—— Laser-induced graphene
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Figure 3.15: Raman spectra of LIG, natural graphite and monolayer graphene on SiO,/Si
in extended range.

3.6 Summary and conclusions

Laser induced graphene was demonstrated and proved to be an effective graphene
synthesis technique. LIG graphene layers in turbostratic (AA) stacking order have larger
interlayer d-spacing than that of natural graphite in Bernal (AB) stacking order. The
graphene micro-ribbon was produced by LIG technique and characterized with Raman

mapping. LIG graphene layers derived from 3C-SiC on Si (111) have the best quality
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graphene among Si (100), (110) and (111) due to the larger tensile strain in 3C-SiC on Si
(111). Compared with monolayer graphene transferred onto other substrates such as
Si0,/Si, stainless steel, or quartz, LIG graphene layers are subjected to less compressive
strain/stress or less chemical doping than SLG on other substrates [192]. The charge
doping of LIG on SiC/Si (111) is probably hole doping if any [192]. The relatively strong
2D mode and large FWHM indicate LIG graphene are composed of non-uniform
nanoscale graphene domains (maybe due to the fact that the SiC is polycrystalline)
formed in non-equilirium conditions resulting from extremely rapid heating and cooling
rates. The graphene layers grown on Ni/sapphire should be MLG, and both G and G’ (2D)
are blueshifted due to the compressive stain/stress or doping charge transfer from the
substrate. The phonon energy of D and G’ (2D) bands of LIG depends on the laser
excitation energy; the D and G’ (2D) bands are blue-shifted with the increasing laser
energy at the rate of about ~ 49.1 cm™1/eV and 103.4 cm™1/eV, respectively. Also, the
D/G ratio of LIG decreases with the increasing laser energy. This is because the laser
spot size decreases with the decrease in wavelength (i.e., increase in laser energy), and
the defects or disorders concentrate mostly on the edge of the illuminated area. Larger
laser spot size collects more signal from the edge, while smaller spot size collects less
signal from the edge. However, the signal of G mode changes slightly with the spot size.
Therefore, the D/G ratio of LIG increases with decreasing wavelength and increasing
laser energy. The higher order Raman bands of LIG were measured in an extended
spectra range with the comparison with those of natural graphite and SLG on SiO,/Si.
Four more bands were observed: (T+G) (2450 cm™), (D+G) (2928 cm™), 2D’ (3248 cm™),

and (G'+G) (4306cm™).



CHAPTER 4: SELECTIVE DEPOSITION OF 3C-SiC ON Si WAFER

4.1 Three approaches to farbicate graphene micro- and nano-structures using laser

Laser conversion technique has been proven to be an effective way to induce
graphene layers from 3C-SiC grown on Si (111) with p-Raman, AFM, and TEM in
Chapter 3. Unlike other typical synthesis methods such as CVD on metal and thermal
decomposition of single crystal SiC bulk which are more suitable for producing large
area graphene, laser conversion technique, is more applicable and effective for patterning
graphene nanostructures used in nanoelectronics or electron-photon superstructure. Three
approaches are proposed to pattern graphene micro- or nano- structures based on laser
illumination technique: (1) direct writing (DW), (2) illumination mask (IM), and (3) Pre-

pattern (PP), as schematically illustrated in Figure 4.1.

(@) (b) (©

Figurre 4.1: Three approaches to pattern graphene micro- or nano-structure using laser
annealing technique. (a) Direct writing. (b) IHlumination mask. (c) Pre-patterning. (black-
Si, blue-SiC, brown-illumination mask, light blue-SiO, and green-laser).

Each approach has its pros and cons. The first method-DW is the simplest but the

minimum feature size is limited by the smallest achievable laser spot size, i.e. diffraction

limit feature size. The second one-IM can reduce the feature size by using an
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illumination mask with the aperture size below the diffraction limit. The third one-PP,
though more complicated, is capable of patterning nanoscale size graphene by selectively
depositing nanoscale 3C-SiC using e-beam lithography and MBE. This approach is based
on the fact SiC can be selectively grown on exposed Si area but not on the area covered
by SiO, [195]. Both the 2" and 3™ methods can in principle overcome the diffraction
limit and yield nanoscale size graphene structures. The capability of patterning graphene
nanostructure is probably a major advantage of this study over other reported SiC-related
laser-induced graphene.

4.2 Selective deposition of SiC film on Si substrates

The feasibility evaluation started with photolithography process. A photomask
consisting of 5 um line/5 um spacing was employed to pattern 5 um SiO,/5 um Si by
depositing SiO, with plasma enhanced chemical vapor deposition (PECVD) and etching
SiO, with reactive ion etching (RIE) , as shown in Figure 4.2. A bare Si (111) wafer was
cleaned with standard cleaning processes as depicted in Table 2.1. A SiO; layer of 120
nm in thickness was deposited on the cleaned Si wafer with PECVD. Amorphous SiO,
can be conformally coated by the decomposition of tetraethyl orthosilicate (TEOS) or the
reaction between silane (SiH4) or laughing gas (N2O). Positive tone photoresist Shipley
1813 was spin-coated on the SiO,-coated Si wafer. The photoresist-coated SiO,/Si wafer
was soft-baked at 90 °C for 1 min, and then underwent UV exposure and developing of
exposed photoresist, followed by hard baking at 105 °C for 10 minutes. Subsequently, the
sample was transferred to RIE chamber for dry-etching the exposed SiO, with 30 milli-
torr CF4 plasma induced by 150 W forward RF power. After RIE etching, the sample was

cleaned with acetone and methanol for 5 minutes each, blown dry with nitrogen gas, and
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then loaded into MBE chamber for selective deposition of SiC on exposed Si. A 30x50
um? rectangular area was selected for laser illumination. The laser illumination was
performed in the step size of 0.3 um. Meanwhile, the Raman signal was collected at each
illuminated point. The optical and Raman G’ (2D) images are shown in Fig. 4.3. It is
apparent that Raman intensity/color image is correlated to the optical image of the laser-
illuminated area, meaning only the selectively deposited 3C-SiC was converted into
graphene layers by laser illumination. These preliminary results prove the feasibility of
selective deposition of 3C-SiC on Si (111) and the conversion from patterned 3C-SiC to

graphene by laser illumination to achieve the patterned feature size.

1l
(a) (b) (©) (d)

Fig. 4.2. Process flow for selectively depositing 3C-SiC on patterned Si (111). (a) After
the developing of photoresist. (2) After RIE. (3) After stripping of photoresisit. (4) After
MBE growth.

f

SiO,  Graphene

(a) (b)

Figure 4.3: Optical and Raman images of selective deposited 3C-SiC/Si (111) (5um
SiC/5um Si0,). (a) Optical image. (2) Raman map image (2650-2750 cm™).
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Following the successful demonstration of selective deposition of 3C-SiC and

then selective laser-induced graphene over the selective deposited 3C-SiC, e-beam

lithography instead of photolithography was employed to pattern smaller feature size Si

for subsequent selective deposition of 3C-SiC. The detailed process flow is

schematically illustrated in Figure 4.4. With e-beam lithography, sub-100 um feature size

of selectively deposited SiC (e.g., SiC nanoribbon or nanodot) could be achieved. The

nanoscale feaure size also presents challenges for the process control in RIE process and
MBE growth.

PECVD deposition of SiO, Spin-coating of e-beam resist

E-beam lithography l

Developing of resist E-beam exposure

—

—

RIE of SiO,

Stripping of resist MBE growth

—

Laser |IIum|nat|on

Figure 4.4: Schematic illustration of process flow chart for selective deposition of SiC on
Si (111).
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4.3 Process control, results and characterization

Similar to the photolithography processes used in the preliminary evaluation
shown in Figure 4.2, positive tone e-beam resist, ZEP 520A-7 was spin-coated on 120 nm
thick SiO, at the rotation speed of 5,000 rpm for 60 seconds. The spin-coated SiO,/Si was
pre-baked at 180 °C on a resistively heated hotplate for 3 minutes. Raith 150 was used to
write a pattern designed with GDS Il software. The beam current, area dose, and line
dose are 27.59 pA, 30 pAs/cm? and 100 pAs/cm, respectively. The exposed e-beam resist
was developed in pentyl acetate solution and then rinsed in methyl isobutyl ketone
(MIBK) for 60 seconds each, followed by further cleaning with DI water and blowing dry
with nitrogen gas. Before being loaded into the chamber for dry etching, the patterned
sample was post-baked at 105 °C for 5 minutes to improve the adhesion of resist to the
substrate.

The evaluation of the exposable linewidth and electron dose was carried out with
the design of lines in different width and spacing shown in Figure 4.6 (a). It was found
the line of 100 nm linewidth could be exposed with the minimum area and line doses of
25 pAs/cm? and 80 pAs/cm, respectively. The minimum exposable linewidth is 79 nm
shown in Figure 4.5 (b). After the pattern was written on ZEP 520A-7, the sample was
loaded into the RIE chamber for dry-etching. The inductively coupled reactive ion etcher
(ICP-RIE) (SPTS, Inc., UK) was employed to etch SiO, with the introduction of gas
mixture of CF4: Ar: H, = 70:25:5 for 4 minutes. Following RIE etching, the resist
residue left on the pattern was stripped by soaking the sample in NMP solution heated up

to 40 °C with the assist of unltrasonification for 10 minutes. Then, the sample was


http://www.google.com/url?sa=t&rct=j&q=pentyl%20acetate&source=web&cd=3&cad=rja&ved=0CDkQFjAC&url=http%3A%2F%2Fwww.thefreedictionary.com%2Fpentyl%2Bacetate&ei=35S1UMzJOYH88QTWpoGwBA&usg=AFQjCNHzZn4G96Vz1AiWf_Wr6TSVmjWQhA

99
cleaned with acetone and methanol solution with the assist of ultrasonification for 5

minutes each and blown dry with nitrogen gas.
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Figure 4.5: Optical and SEM images of e-beam exposed lines (after developing). (a)
(Optical) Exposed lines with different widths. (b) (SEM) 79 nm wide exposed line.

After RIE etching and post-cleaning, the Si substrate was loaded into MBE
growth chamber for selectively depositing 3C-SiC on the exposed Si (111) using the
processes described in Chapter 2. The substrate temperature, source temperature, and
growing time are 800 °C, 550 °C, and 8 minutes, respectively. Figure 4.6 shows 20 um
long 3C-SiC ribbons in the spacings of 0.5 and 1 um. The minimum linewidth of 3C-SiC
ribbon is 108 nm. Through further optimization of the process variables such as electron
acceleration voltage, electron does and etching parameters, linewiths of 97 and 89 nm

were achieved and shown in Figure 4.7 (a) and (b) , respectively.
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Figure 4.6: SEM images of 3C-SiC micron-ribbons deposited on Si (111) patterned with
Si0,. (a) SiC ribbons with different linewidths and line spacings. (b) 107 nm wide SiC
ribbons in 500 nm spacing.
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Figure 4.7: SEM images of 3C-SiC nano-ribbons deposited on Si (111) patterned with
Si0,. (a) 97.5 nm linewidth. (d) 88.5 nm linewidth. (¢) UNCC letters made of 3C-SiC.
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The feasibility of selective deposition of 3C-SiC nanoribbon has been evaluated

and confirmed, as shown in Figure 4.7. The sub-100 nm wide 3C-SiC nanoribbons could
in principle be converted into graphene nanoribbons (GNRs) as the conductive channel in
field effect transistors (FETS). In order to incorporate the selectively deposited 3C-SiC
nanoribbon into FET transistor fabrication, three configuration designs were proposed: (1)
single side-gated FETs with two different side-gated designs, shown in Figure 4.8, (2)
single side-gated FETs with double sources and double gates shown in Figure 4.9 (a) and
(b), respectively. Unlike other graphene-based FETs [24], all FET configurations in this
study make use of existing SiO, deposition mask as the dielectric for the side gates,
avoiding additional processes to place a top dielectric layer on the graphene channels.
Thus, these designs are two dimensional device architectures, which offer more

flexibility in the gate design.

(@) (b)

Figure 4.8: (Optical image) Single side-gated FETSs after e-beam lithography and
developing. (a) and (b) Single side-gated FET configuration

After e-beam lithography and developing of ZEP520A-7, the patterned samples

underwent ICP-RIE. During dry-etching, helium gas was induced to circulate the bottom
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(a) (b)

Figure 4.9: (Optical image) Single side-gated FETSs after e-beam lighography and
developing. (a) Double-source FET configuration. (b) Double-gate FET configuration.

of sample in chamber to cool down the sample, avoiding burning the residual e-beam
resist. The residual e-beam resist was removed by soaking sample in NMP solution at 40
°C with the assist of sonification vibration for about 10 minutes. Before MBE deposition
of C60, the samples were cleaned in actone and methanol solution with assist of
ultrasonification for 5 min. each, and blown dry with nitrogen gas. Figures 4.10 (a) and (b)

a FET configuration and a 73 nm wide trench after RIE and resist striping, respectively.
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Figure 4.10: FET configuration patterns after RIE etching and resist stripping. (a) FET (b)
73 nm wide trench.
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After RIE etching, stripping of residual resist, and post-cleaning, the pattern
substrate was loaded into MBE growth chamber for selective deposition of 3C-SiC with
the process control as described in Chapter 2. The substrate temperature, source
temperature, and growth time are 800 °C, 550 °C, and 8 minutes, respectively. During
deposition, the sample spinner should be turned on to reduce shadow effect which is
more significant for nanoscale structures. Figures 4.11 and 4.12 show SEM images of

3C-SiC selectively grown on the patterned Si substrates.

5
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Figure 4.11: SEM images of FET single side-gated configuration. (a) FET. (b) High
magnification. (c) 20 ~ 25 nm polycrystal SiC grains.
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Figure 4.12: SEM images of FET configuration made up of selectively deposited 3C-SiC
on SiO, patterned Si (111). (a) FET. (b) Zoom-in view.
A simpler structure has also been fabricated for testing the conductivity of the

graphene nanoribbon, i.e., one micron- or nano-scale SiC ribbon deposited by MBE with

three electrodes deposited with e-beam evaporation, as shown in Figure 4.13.
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Figure 4.13: A 3C-SiC ribbon selectively deposited for fabricating graphene ribbon. (a)
A 20 um long SiC ribbon. (b) Zoom in view.

Figure 4.14 shows letters were selectively deposited on a prepatterned Si (111)

substrate. The letters are made up of 3C-SiC.
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Figure 4.14: SEM images of letters selectively deposited on Si (111). (a) Full view. (b)
Zoom-in view.

Either the gate channel or all selectively deposited 3C-SiC areas could be
converted into graphene, and then three electrodes, source, gate and drain, be deposited
with 10 nm Ti/ 30 nm Au using an e-beam evaporation technique. Figure 4.15 shows the
10 nm Ti was deposited on three electrodes as a seed or adhesion layer, and then 30 nm
Au was deposited on top as a conductive layer. A single side-gated FET configuration is
shown in Figure 4.15.

10 nm Ti
30 nm Au

Raith 150 2um EHT=1000kV  Signal A= InLens Date :20 Mar 2012
Mag= 565KX || WD= 6mm Time :19:32:29

Figure 4.15: SEM image of single side-gated FET with 10 nm Ti/ 30nm Au e-beam
evaporated on three terminals.
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When attempting to convert selectively deposited 3C-SiC, we found that the
currently available laser power about 30 mW was unable to convert small (below the
laser spot size) SiC ribbons. The reason for this difficulty might be insufficient laser
power on the SiC region to be absorbed by SiC or the SiC is too thin.
4.4 Summary and conclusions
Selecitve deposition of SiC on Si substrate has been demonstrated and proved to
be an effective method to pattern micro-scale SiC structures that could in-principle be
converted into graphene-based nanostucutres. Preliminarily, the SiC to graphene
conversion with LIG process has been demonstrated for a structure with 5 um SiC lines/5
um SiO; spacings, achieved with photolithography and MBE growth . Raman mapping
near 2D band shows graphene signature matching the illuminated areas. Subsequently, e-
beam lithography, as a replacement for photolithography, was used to patterned
submicron SiC structures. A SiC ribbon with the minimum linewidth of 88.5 nm was
successfully deposited on Si susbtrate. Different FET configurations were selectively
deposited on Si substrate with SiC. Since C60 flux is incident on Si substrate at about 45
degree rather 90 degree, the SiO, depostion mask would cause shadowing effect during
MBE deposition; longer growth time should be used than that used for the growth on the
whole wafer if same SiC thickness is expected. Another method to compensate shadow
effect is to reduce the thickness of SiO,. The rotation of substrate during growth also
reduces shadowing effect and increase the homogeneity of SiC film. The thickness of
selectively deposited SiC determined the absorption of light, so a thick SiC film helps to
reduce the threshold laser power needed in converting SiC film into graphene layers. The

electrode of 10 nm Ti/ 30 nm Au was successfully deposited on the selectively deposited
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SiC using e-beam lithography and e-beam evaporation. The proposed technique for

fabricating graphene nanoelectronic devices could be integrated into Si-based

nanoelectronics. This study openes a route for integrating graphene synthesis process
with conventional silicon device processes.

In addition, the fabricated SiC nanostructures on their own could be of interest for

exploring their properties in the future.



CHAPTER 5: POWER AND TIME DEPENDENCE OF LASER-INDUCED 3C-SiC
TO GRAPHENE CONVERSION

5.1 Experimental setup and sample selection

Since the quality of laser-induced graphene layers depends on laser power and
illumination time, it is necessary to evaluate the correlation between graphene quality and
illumination conditions. In this part of the study, p-Raman spectroscopy was used as a
monitoring technique. The Raman spectrum was collected right after laser irradiation.
The changes in intensity, line position, line shape, and line width of G’ (2D) mode were
monitored, acquired, and compared at different sets of power and time. A variable
attenuator (Thorlab, Inc.) and a transistor-transistor-logic (TTL)-controlled shutter
(Standford Research System, Inc.) were used to control irradiation power and time,
respectively. The TTL pulse signal was generated by a function generator. The

instrument set-up is shown in Figure 5.1.

TTL-controlled shutter

e attenuator Al -

Objective lens
~ b w

”

%= DPSS 532'nm : -SiCon Si (111) water ‘X
A Jaser : q.’

~ Function generator ! Translational stag’
to generate pulse

Shutter controller

Figure 5.1: Experimental setup for writing graphene on 3C-SiC/Si (111). (a) Control of
laser power and illumination time. (b) Focusing and positioning laser beam for forming
graphene.
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Three samples were selected for this evaluation. All three samples were grown at

the substrate and source temperatures of 800 and 550 °C, respectively, for 10 minutes.

The only differences between three samples are the cleaning processes which are listed in
Table 5.1.

Table 5.1 Cleaning processes of three different samples

Sample Cleaning processes

A Acetone and methanol each for 5 minutes and blow dried with nitrogen
B Same as the processes described in Table 2.1
C RIE etching plus the cleaning process of A (selective growth)

The morphologies of the three samples are shown in Figure 5.2. It can be seen
that sample A is roughest with an average domain size of 100 nm and smaller particle
size, sample C is most uniform in grain size, and sample B falls in between grain size
uniformity. The thickensss of three samples can be measured in SEM cross-section
images as shown in Figure 5.3; the thickness of SiC films of samples A, B, and C are
188 nm, 188 nm and 51 nm, respectively. Although these three samples were grown with
same growth conditions, the thickness of samples A and B are same and are more than
three times that of sample C. This is caused by shadow effect during deposition in pre-
patterned sample C. In other words, since the C60 source flux is incident on substrate at
about 45 degree rather than 90 degree, only partial flux of source C60 was received by
patterned substrate, resulting in that less carbon atoms reach the prepatterned trench (~
100 nm) and thus thinner SiC. The minimum powers (thresholds) required for conversion
were 10, 17 and 22 mW, which correspond to power densities of 2.6 x 10 W.cm™, 4.42
x 10° W.cm™, and 5.72 x 10° W.cm™, respectively, for three samples A, B, and C. 3C-

SiC to graphene conversion occurred instantaneously under laser illumination with the



110
power larger than the threshold value. The conversion time is shorter than 1 second. If the
illumination time is longer than 1 second, the intensity of G’(2D) band will decrease |,
suggesting that the graphene material would be damaged by introducing defects or
disorders. Therefore, the time scale was limited less than 1 second. In addition, the
minimum exposure time of shutter is limited to 4 ms. Therefore, the illumination time
varied from 1 s to 4 ms, with a 200 ms step from 1 s to 100 ms, 20 ms step from 100 ms

to 10 ms, and 2 ms step from 10 ms to 4 ms.
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Raith 150 100nm EHT = 10.00 kV : EHT=1000kV  Signal A= InLens
Mag=100.00KX | WD= 6mm User Name = LEO_SEM Time 192236 Mag=10000KX | WD= 6mm User Name = LEO_SEM

Date :14 Aug 2012
Time 194730

(@) (b)

pnes ol : -
Raith 150 EHT=1000kV  Signal A= InLens Date :17 Jul 2012
Mag=10000KX | WD= 6mm User Name = LEO_SEM Time :19:37:28
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Figure 5.2: SEM micrographs of 3C-SiC (111) grown on Si (111) substrates cleaned with
three different conditions. (a) Sample A. (b) Sample B. (c) Sample C.
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Figure 5.3: SEM cross-section images of 3C-SiC (111) grown on Si (111). (a) Sample A
(188 nm thick). (b) Sample B (188 nm thick). (c) Sample C (51 nm thick).

For sample A, we selected three illumination power values: 10, 12, and 14 mW.
In order to make sure all spectra are comparable, 2D Raman mode of graphene is
collected in one single spectrometer window. At each set of power and time, ten spots are
first illuminated and measured with reduced power to avoid laser heating. The spectrum
which occurred most frequently is selected for subsequent comparison with the spectra of
other illuminated conditions. The Raman spectra near 2D band are compared in Figure
54. It can be seen that for the three illumination powers, the stronger 2D peaks

concentrate on the illumination times of 4 and 6 ms or even shorter time which the shutter
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is incapable of controlling. The optimal illumination time might be shorter than 4 ms for
three laser power values. The 2D peaks also upshift or downshift randomly without a
clear relationship with respect to illumination time.

For sample B, five illumination power values were selected: 17, 19, 21, 23 and 25
mW, and the same evaluation method as sample A was used. The spectra comparison of
different illumination conditions are shown in Figure 5.5. It can be seen that with the
power increased from 17 to 25 mW, the optimal illumination time decreases from 1s to 8
ms. For sample C, five illumination power values were selected: 22, 23, 24, 25 and 26
mW, and the same evaluation method as sample A was used. The spectra comparison of
different illumination conditions are shown in Figure 5.6. It can be seen that the optimal
illumination time decreases from 1s to 80 ms along with the power increased from 22 to
26 mW. It can also be observed from three samples that 2D peak position shifts with the
illumination condition. However, it changes randomly without clear relation with the
illumination condition due to the inhomogeneity of SiC thin film.

5.2 Characterization and results
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Figure 5.4: Raman spectra near the 2D band of laser-induced graphene on sample A at
different powers and times: (a) 10 mW, (b) 12 mW, and (c) 14 mW.
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Figure 5.5: Raman spectra near 2D band of laser-induced graphene of sample B at
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different powers and times: (a) 17 mW, (b) 19 mW, (c) 21 mW, (d) 23 mW, and (e) 25
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Figure 5.6: Raman spectra near 2D band of laser-induced graphene of sample C at
different powers and times: (a) 22 mW, (b) 23 mW, (c) 24 mW, (d) 25 mW, and (e) 26
mW

The optimal illumination conditions, which are defined as for a given power the
optimal time yielding the strongest 2D band intensity, are summarized in Figure 5.7. In
general, at least for sample B and C, when the laser power increases, the illumination
time decreses, but the relation is non-linear. This means that the optimal conversion does
not simply depend on the dose, power, and illumination time, but has an activation
process. For sample A, the variation is very small, possibly because the optimal
illumination times were actually shorted than the shutter operation limit of 4 ms. In
comparison with laser induced conversion of single crystalline SiC into graphene
reported in the literature, the threshold power density for these polycrystalline SiC are
substantially lower. For instance, the threshold power density of 4x10’ W/cm? was
required for the single crystalline SiC [121]. However, the maximum power used in this
study for polycrystal is 2.6 x10° W/cm? which is lower by more than one order of

magnitude.
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Figure 5.7: Laser illumination powers and times of three samples

5.3 Comparison of three samples

With the optimal illumination conditions identified in the above evaluation, the
graphene layers were induced and measured with u-Raman for three samples A, B and C.
First, Raman spectra in a large spectral range from 400 to 3000 cm™ were collected to
compare overall spectra including three major peaks of graphene and characteristic LO
mode of silicon substrate which can be used to calibrate the potential mechanical drift of
the spectrometer. Figure 5.8 shows Raman spectra of graphene layers induced from the
three samples with the respective optimal laser illumination conditions. Although all
three spectra show obvious defect or disorder D modes, the D/G ratios which are used to
calculate the crystallite size of graphene sheets are different [194]. The general equation

for the determination of the domain size L, of micrographite is given as [194],
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Ly = (24 x 10710)2 (’—D)_1 5
o= (2 )¢ (32 (5)
where, L, is the crystalline domain of graphene sheet, 4; is the wavelength of excitation

laser, and ;—D is the integral intensity ratio of D to G modes.
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Figure 5.8: Raman spectra of laser-induced graphene layers from the three samples A, B
and C with respective optimal illumination conditions.

According to the Equation 5, the domain size of graphene layers from the three

samples are calculated and listed in Table 5.2.

Table 5.2: Crystallite sizes of graphene layers on samples A, B and C

Sample A B C
Ip 4031 1323 4261
I 3280 1619 34198
I\t 081 122 0.80
%)
L, (nm) 16 23 15

It can be seen from Table 5.2 that graphene crystallite size L, of sample B is

somewhat larger than those of sample A and C. It is probably because that the native



118
oxide on sample A was not removed completely, resulting in more defects in 3C-SiC and
thus in graphene layers, and the higher threshold illumination power requested by sample
C might introduce more disorders in graphene layers.

5.4 Summary and conclusions

The optimal laser illumination power and time for LIG on three samples A, B, and
C were evulated and identified to be (10mW/4ms, 12mW/4ms, and 14mW/4ms),
(17mW/1s, 19mW/600ms, 21mW/200ms, 23mW/20ms, and 25mW/8ms), and (22mW/1s,
23mW/600ms, 24mW/400ms, 25mW/200ms, and 26mW/80ms), respectively. The
optimal illumination times for three samples are all sub-second. With the increase of
illumination power, the optimal illumination time decreases, but the relationship is
nonlinear. The threshold illumination power depends on the microstructure or
morphology of polycrystal SiC films. The substrate of sample A with a few nanometers
thick native SiO, introduces some defects into SiC film with 100 nm domain size and
smallest grain size. The smaller grain size leads to more grain boundary and thus reduces
thermal conductivity, increasing local temperature under laser illumination. As a
consequence, sample A has the lowest threshold illumination power. Comparison
between samples B and C shows that polycrystal SiC film in sample B is less uniform in
grain size than than in sample C because SiC film (188 nm thick) in sample B is much
thicker than that in sample C (51 nm thick) due to the shadowing effect in MBE growth
(shown in Figure 8.2). The low uniformity of sample B results from the difficulty in
interdiffusion between silicon and carbon through the thick SiC film (as shown in Figure
5.9). In Figure 5.9, it can be seen that at the beginning of growth, it is easy for carbon

atoms to react with silicon atoms to form uniform SiC; however, when SiC becomes
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thicker, it is difficult for Si atoms in the underneath Si substrate to diffuse toward the
surface of SiC film to react with carbon atoms, forming SiC; similarly, the thicker SiC
film also prevents carbon atoms from diffusing down to react with Si in Si substrate.
Therefore, the thicker SiC thin film, the less uniform SiC thin film. More defects, less
uniformity, and less crystallinity contributes to the lower threshold illumination power.
Another factor is the thicker SiC film in sample B compared to sample C absorbs more

light and thus increases the local temperature.
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Non-uniform SiC = | Down-diffusion Uniform SiC
(thICk) L'; . A R R R R N R R N e R e, (thln)
Si substrate T Silicon
Up-diffusion
(a) (b)

Figure 5.9: Schematic illustration of SiC film formation mechanism. (a) Thick SiC. (b)
Thin SiC.

The graphene domain sizes (crystallite size) of three samples were estimated by
employing an empirical formula and taking Raman spectrum. Graphene domain size of
sample B is 23 nm and larger than those of samples A and C, which are 16 and 15 nm,
respectively. The samller graphene domain size of sample A is due to smaller grain size
of SiC, and the threshold power is lower; and the smaller graphene domain size of sample
C is probably because the threshold power is relatively high with respect to samples A
and B. Therefore, the threshold illumination power and graphene domain size depend on
the microstructure of polycrystalline SiC film, which can be tuned with the MBE growth

conditions and cleanliness of silicon substrates.



CHAPTER 6: ELECTRICAL CHARACTERIZATION OF GRAPHENE MICRO-
RIBBON

6.1 Fabrication of electrodes on graphene p-ribbon

Electrical conductivity and mobility of large area graphene have been studied and
reported [7]. However, up to date, electrical characterization on laser-induced graphene
has not been reported yet. Some preliminary work on conductance measurement on
laser-induced graphene layers was carried out in this study. E-beam lithography and e-
beam evaporation were used to make FET configuration over laser-written graphene p-
ribbon. The process flow for the fabrication of graphene-ribbon- based FET is shown in
Figure 6.1. The process started with patterning alignment makers used for writing
graphene p-ribbon on 3C-SiC (111)/Si(111) using laser and for overlay of electrodes, as
shown in Figure 6.2. In Figure 6.2 (c), the two arrows in the center are used as alignment
markers to write a 20 um graphene ribbon in between two arrows. The four crosshairs in
the four corners are used to overlay electrodes for making the FET configuration based
on laser-induced graphene p-ribbon. The laser writing technique is the same as that
described in Chapter 3. After an array of 20 um graphene-ribbons was written on 3C-
SiC(111)/Si(111). The sample was spin-coated with ZEP520A-7 at the spinning rate of
5000 rpm for 60 seconds, and then underwent pre-baking, e-beam lithography,
developing, and post-baking, as described in Chapter 4. Finally, e-beam evaporation of
10 nm Ti and then 30 nm Au, and lift-off of metallization on ZEP520A-7 were carried

out to pattern the electrode terminals of the graphene-based FET configuration, as shown
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in Figure 6.2. After the graphene p-ribbon was written on 3C-SiC (111)/ Si(111), the
metallization between source and gate as well as between drain and gate were difficult to
be lift-off due to the narrow distance and roughness of laser-illuminated area. The gate
electrodes in between sources and drains were removed to ease metallization lift-off
processes. As a result, the electrical conductance can be measured with only two
electrodes. Figures 6.2 (a) and (b) show that two electrodes were patterned on 3C-SiC
(111)/Si(111) without and with laser-induced graphene underneath. However, the
electrode metallization over the transition from unilluminated to illuminated area is
slightly discontinuous due the larger ablation caused by larger laser power. Therefore, the
conductivity is very low. Another attempt is to use sample A described in Chapter 5. The
SEM images of electrode metallization over laser-induced graphene p-ribbon, as shown
in Figure 6.2 (c) and (d), show better continuity of electrode metallization of the
transition area between illuminated and un-illuminated areas. Therefore, the electrical
conductance measurement was focused on sample A. Keithley 4200 semiconductor
characterization system was employed for this purpose. Figure 6.3 shows two probes on

two electrodes overlaid over laser-induced graphene.
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Figure 6.1: Process flow for patterning electrodes on laser-induced graphene p-ribbon
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Figure 6.2: SEM images of two electrode patterned on 3C-SiC (111)/Si(111).
(a) Electrodes on SiC (sample B). (b) Electrodes on LIG (sample B). (c) Electrodes on
SiC (sample A). (d) Electrodes on LIG (sample A).
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Figure 6.3: Electrical characterization of LIG graphene. (a) ET setup. (b) I-V curve.

6.2 Electrical test and results

Keithley 4200 semiconductor characterization system was employed to measure

electrical conductance of graphene micro-ribbon written by laser. Two micro-probes

(Micromanipulator model 7A) were to contact the electrodes deposited on graphene

micro-ribbon. Two-terminal resistance configuration with source measurement u

nits

SMU1 and SMU2 was used to measure resistance of graphene micro-ribbon. I-V curve
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are plotted and shown in Figure 6.3. The resistance of graphene micro-ribbon before and
after LIG process is about 8.94 and 8.11 MQ, repectively. There is only 9% drop in
resistance after laser illumination. This means that the graphene micro-ribbon is
composed of small graphene domains with low carrier transport between them, and they
are either discrete or slightly in touch with each other. Therefore, the poor physical
continuity of graphene micro-ribbon results in low electrical conductance.

6.3 Summary and conclusions

A graphene micro-ribbon device for electrical conductance measurement was
designed, fabricated and tested. The micro-electrodes were successfully overlaid on
graphene micro-ribbon using e-beam lithography and e-beam evaporation techniques.
Electrical resistance measurement shows 9% drop in electrical resistance after laser
illumination. The laser-induced graphene micro-ribbon is not physically continuous and
thus shows low electrical conductance. Since the graphene micro-ribbon was written
point by point, it is likely made up of discrete graphene domains. If graphene micro-
ribbon is created by line illumination of a laser beam, the whole graphene ribbon would
be formed simultaneously instead of a serial process, and the physical continuity and thus

electrical conductance could be improved.



CHAPTER 7: PATTERNING OF GRAPHENE MICRO- OR NANO- STRUCTURE

7.1 Experimental setup

As described in Chapter 1, graphene layers fabricated with different synthesizing
techniques have different applications. For instance, micro-scale size graphene produced
by micromechanical exfoliation, though of high quality, is not scalable for wafer scale
mass production; large size graphene synthesized by CVD decomposition of
hydrocarbons on metals is suitable for fabricating graphene-based nano-devices in wafer
scale mass production, but the transfer of graphene from a metal to an insulating substrate
is required; epitaxial growth of graphene on SiC single crystal is applicable to wafer scale
fabrication of graphene-based nanoelectronics, but the high cost and relatively small
wafer size avaibale of SiC single crystals are the major limitation of this approach; and
exfoliation and reduction of graphite oxide, though with some defects and of low electron
mobility, has a good application in fabricating large area electrodes in super-capacitors.
Laser annealing technique, limited by the small laser spot size, though not applicable to
producing large size graphene, could be used to pattern graphene nanostructures for
applications such as photonics, nano-optoelectronics, electron-photon superstructures, etc.
In this chapter, we demonstrate some graphene micro- dots or discs arrays patterned with
laser illumination on SiC film. Alternatively, with the pre-patterned growth of 3C-SiC
dots or discs in nanosclae using the selective deposition of 3C-SiC on Si (111), graphene

dots or discs in nanoscale can also be achieved. 3C-SiC is a good dielectric and substrate
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Si can act as an insulating or a semiconducting material. With a three-layer structure
graphene/3C-SiC/Si, electron-photon superstructure can be realized and applied as
photonic crystal. Three selected samples A, B and C was illuminated with their optimal
illumination conditions identified in Chapter 5, and then Raman mapping over G’ (2D)
mode of graphene was carried out on three illuminated dots. The Raman images of the
three dots in the spectral range of 2650-2750 cm™ and their corresponding SEM images
are shown in Figure 7.1. It can be seen from the SEM images in Figure 7.1 that after laser
illumination, the 3C-SiC was re-crystallized near the illuminated spot and graphene
layers mainly formed on the re-crystallized 3C-SiC at the illuminated site. Samples B and
C show the central part of the re-crystallized 3C-SiC were ablated off. This may be due to
the higher illumination laser powers than that of sample A. Figure 7.2 shows a graphene
distribution in a donut shape in sample B resulting from a laser power slightly higher than
the power used for the dot shown in Figure 7.1 (c). This means that the graphene shape
can be changed by tuning laser irradiation conditions. Following the demonstration of
patterning and Raman-mapping of single graphene dot, multi-graphene dots in an array
were patterned by synchronizing an external shutter with the internal shutter in Raman
system. One TTL signal controlled by Raman system software simultaneously control
two shutters: one for laser source and the other for the Raman signal collection. The array
of graphene dots was formed by moving stage in a preset step that determines the

separation between graphene dots.
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7.2 Characterization and results
In Figure 7.1, Raman mapping images which show the distribution of laser
induced graphene layers with the corresponding SEM images of the laser-illuminated
spots. The higher laser powers used for samples B and C result in larger ablated spots and
the over-exposed central area due to the Gaussian profile of the laser power. Thereofore,
larger laser power threshold value does not lead to uniform LIG graphene layers. Also,
higher laser power also causes the cracking of SiC near the illuminated spot, as shown in
Figures 7.1 (c) and (e). Figures 7.1 (a) and (b) show a relatively uniform graphene dot in
sample A, which was created with relatively lower illumination power. For samples B

and C (see below).
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Figure 7.1: SEM images and corresponding Raman images (4x4 um?) of three dots
illuminated with laser on three samples A, B, and C. (a) and (b) Sample A. (c) and (d)
Sample B. (e) and (f) Sample C (Raman spectral range: 2650 ~ 2750 cm™).

Figures 7.1 (c) and (d) show a graphene dot in donut shape in sample B, which
was created by a slightly higher laser power than that used in Figures 7.1 (a) and (b). The
central part of dot was over exposed and then probably lost materials. Therefore, laser

illumination power could be tuned to generate graphene in different shapes.
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Similar to the LIG process to create single graphene dots, two, four, and nine
graphene dots in arrays 1 X 2, 2 X 2, and 3 x 3 were also patterned by programmed laser
illumination conditions, respectively. Following the patterning of graphene dots, Raman
mapping was performed on the pattern areas, and the Raman images are shown in Figure

7.2.

(a) (b)

(©)

Figure 7.2: Raman mapping images (2650-2750 cm™) of graphene dots in different
arrays. (a) 2 dots in (1 x 2) array (image size: 6x6 pm?). (b) 4 dots in (2 x 2) array
(image size: 6x6 um?). (c) 9 dots in (3 x 3) array (image size: 9x9 um?).
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In addition to the patterning of 0D graphene dot arrays, 1D graphene ribbon was
also patterned. Figure 7.3 shows a Raman mapping and SEM images of a graphene u-

ribbon.

Raith 150 1um EHT = 10.00 kv Signal A = InLens Date :7 Oct 2012
Mag = 10.00 K X WD= 6mm User Name = LEO_SEM Time :14:10:44

(@)

(b)

Figure 7.3: SEM and Raman mapping images of a graphene p-ribbon. (a) SEM. (b)
Raman mapping image (2650-2750 cm™) (Image size: 14x4 pm?).

In order to investigate the carbon and silicon distribution after laser illumination,
EDS was performed on sample C as shown in Figure 7.4. Figure 7.4 (a) show in the
central irradiated area of the laser illuminated spot, the ratio of carbon to silicon to
oxygen is 52.3: 45.0: 2.7; Figure 7.4 (b) shows the ratio in the boundary area is 49.5: 46.6:
3.9; and Figure 7.4 (c) shows the ratio in the nonirridated but adjacent area is 46.4: 50.8:
2.9. Therefore, under laser illumination, silicon was sublimated from the irradiated area

and transposed to the surrounding non-illuminated, leaving carbon in the central area to
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form graphene, and some silicon might be oxidized near the boundary and non-irradiated
area because more oxygen was detected. The carbon content was found the highest in the
illuminated spot, despite that because of the ablation more Si from the substrate could be
probed thus potentially reducing the ratio of C. The actual C content could be even higher.
Moreover, EDS shows oxygen in three areas due to the laser illumination in air. Oxygen
in the irradiated area induces defects or disorders to graphene layers and thus contributes
to the D peak in Raman spectrum. Oxygen in the boundary may be due to oxidation
because of the high local temperature, and Oxygen in non-irradiated area may be due to

oxidation of sublimated Si or the oxidation during growth.
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Figure 7.4: EDS results of laser-illuminated spot on SiC film grown on SiC (111) (sample
C). (a) Irradiated area. (b) Boundary area. (c) Nonirradiated area.

7.3 Summary and conclusions

The application of the LIG technique to patterning periodic graphene
microstructures was demonstrated and evaluated. The distribution of graphene in
illuminated area is more uniform for sample requiring a lower threshold power. The
threshold power depends on the microstructure, morphology, and thickness of SiC film.
The graphene shape can be modified by tuning the illumination power. EDS elemental
analyses after laser illumination indicate that silicon was sublimated and transferred to
the adjacent non-irradiated area with some oxidation. More oxidation is found in the
boundary due to higher local temperature. Carbon was left in the irradiated area, forming
graphene layers. Oxygen was also detected in irradiated area, which introduces defects or
disorders into graphene layers. UVH or low pressure Ar may be employed as illumination
atmosphere to reduce the oxidation.

The periodic graphene microstructures were patterned and characterized with

Raman mapping. The Raman image near 2D mode indicates the graphene layers
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distribute in the irradiated area, matching SEM image of the irradiated spot. A graphene
ribbon of 1 um x 10 um was written and mapped. With the assist of selective deposition
of SiC on Si substrate, periodic nanostructures of graphene could also be generated. The
periodic multi-layer nanostructure, graphene (conductor)/SiC (dielectrics), could form

electron-photon superstructures used in nanoelectronic and photonic applications.



CHAPTER 8: CONCLUSIONS AND PROPOSALS

8.1 MBE growth of SiC on Si substrates

The growth of SiC on the Si substrate using C60 source has been reported in the
literature [195-197]. The grown SiC materials were polycrystalline in nature, thus, the
materials were inferior to the single crystalline SiC in terms of material quality, such as
the electronic conductivity. In this work, the primary intent is not to improve the material
quality for electronic applications, but to explore the growth conditions that can yield SiC
thin-films with different surface morphology and crystallinity to be converted into
graphene structures using the laser illumination technique.
(A) Source and substrate temperature dependence

The MBE growth conditions for depositing SiC polycrystal thin film on Si (100)
and (111) using C60 (as carbon source) and Si wafers (as both silicon source and
supporting substrate) have been investigated systematically in this research work. With
a constant growth time of 5 minutes, the growth temperature combinations (Tsu/Tceo)
include 700/450, 700/550, 700/650, 800/450, 800/550, 900/450, 900/550, 1000/450, and
1000/550 °C. These growth conditions were evaluated and compared in terms of the
uniformity, roughness, and crystallinity of SiC polycrystal thin film.

At Tgp = 700 °C, Tceo = 550 °C yields more uniform crystalline SiC on Si (100)
or (111) than 450 and 650 °C do, as can be observed in Figures 2.4 and 2.7, because 450

and 650 °C generate either insufficient or excessive C60 flux, respectively. It can be
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obviously seen from Figures 2.4 (a), (c), and (e) that SiC film coverage on Si (100)
increases from Tcgo = 450 to 550 to 650 °C, though it is not obvious for SiC on Si (111)
because of the higher atomic density of Si (111). However, the comparison between
Figures 2.7 (b), (d), and (f) shows that the roughness of SiC film on Si (111) increases
from Tceo = 450 to 550 to 650 °C. The roughest SiC grown at Tceo = 650 °C results from
the excessive decomposed C60 on SiC film, as confirmed by the strong D and G bands in
Raman spectra of SiC at Tgu/Tceo = 700/650 °C in Figure 2.18 and Figure 2.19.
Similarly, Raman spectra of SiC at Tn/Tceo = 700/550 °C also show weak D and G
bands, and SiC/Si (111) has less C60 than SiC/Si (100) does because more Si atoms from
the higher atomic density of Si (111) react with carbon atoms. Although SiC films on Si
(100 and (111) grown at Tsu/Tceo = 700/450 °C are smoother than those at Tsuy/Tceo =
700/550 °C, Raman 1% TO modes of SiC (Table 2.6) show amorphous SiC at Tsu/Tceo =
700/450 °C and crystalline 6H-SiC at Tgn/Tceo = 700/550 °C. It can also be observed
from Figure 2.11 that at Tg/Tceo = 700/550 and 700/650 °C, SiC films on Si (111) show
20 peaks corresponding to 6H-SiC, but SiC films on Si (100) do not. Therefore, because
of the higher atomic density of Si (111), it is easier to form crystalline SiC on Si (111)
than on Si (100) at Ten/Tceo = 700/550 and 700/650 °C, and the coverage of SiC on Si
(111) is higher than that on Si (100). The comparisons of Figures 2.7 (a) with (c) and
Figures 2.7 (d) with (b) show that the grain sizes increase with the increase of Tcgo from
450 to 550 °C. This means the increase of source temperature Tcgo Not only increases C60
flux also increases the grain size of SiC.
At Tsyp = 800 °C, Teeo = 550 °C yields rougher SiC with larger grain size on both

Si (100) and (111) than Tceo = 450°C does [Figures 2.5 (a) and (b), Figures 2.6 (a) and (b),
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Figure 2.8 (a) and (b), and Figure 2.9 (a) and (b)]. This is because the higher flux and
kinetic energy of C60, which result from Tcg = 550°C, contribute to the crystallization
and thus increase the grain size of SiC. However, at Tsy, = 900 and 1000 °C, Tcgo = 550
°C vyields smoother SiC with larger grain size on both Si (100) and (111) than Tcgo =
450°C does (Figures 2.5, 2.6, 2.7 and 2.8). This is because the reaction rate, crystal
growth, and diffusion increase with Tgy and higher Ty, require higher C60 flux to
provide carbon atoms to react with silicon atoms. Therefore, insufficient C60 flux at
lower Tceo= 450 °C leads to more non-uniform SiC, especially for higher T, = 900 and
1000 °C. At Tcgo = 550°C, SiC on Si (111) is always smoother than that on Si (100) at
Tsuw = 800, 900, and 1000 °C because of the higher atomic density of Si (111) (Figures
2.5 and 2.6).

XRD 26 scan spectra indicate crystalline 3C-SiC (200) was formed on Si (100) at
Tsun/Tceo = 900/550 and 1000/550 °C, and crystalline 3C-SiC (111) was formed on Si
(111) at Tsuw/Tceo = 700/550, 700/650, 800/450, 800/550, 900/550, and 1000/550 °C,
because corresponding 26 peaks were observed in Figure 2.11. However, Lorentzian
decomposition of both XRD 26 peak and the 1% order TO modes of SiC indicates that
SiC is either 6H phase or the mixture of 6H and 3C phase, depending on the growth
temperatures. On Si (100), SiC grown at Tgn/Tceo = 900/550 and 1000/550 °C are
mixture of 3C-SiC (200) and 6H-SiC (104), and 3C phase increases with Ty, from 900 to
1000 °C because d-spacing is closer to that of single crystal 3C-SiC (Table 2.4) and
Raman TO mode of 3C-SiC is measurable (Table 2.8) at Ts,, = 1000 °C. On Si (111), SiC
grown at Teuw/Tceo = 700/550 °C is crystalline 6H-SiC (102), SiC grown at Teu/Tcso =

700/650 °C is low crystalline 6H-SiC (102) (broad 26 peak), SiC grown at Tgu/Tceo =
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800/450 °C is low crystalline 6H-SiC (102) (broad 26 peak), SiC grown at Tg/Tceo =
800/550 °C is the mixture of crystalline 6H-SiC (102) and 3C-SiC (111), SiC grown at
Tsun/Tceo = 900/550 °C is the mixture of crystalline 6H-SiC (102) and 3C-SiC (111), and
SiC grown at Tgn/Tceo = 1000/550 °C is the mixture of crystalline 6H-SiC (102) and
dominating 3C-SiC (111). Therefore, on Si (111), 3C phase also increases with Ty, from
800 to 1000 °C. It is easier to form SiC on Si (111) than Si (100) at the above-mentioned
growth conditions because of the higher atomic density of Si (111). XRD omega (w)
scans shown in Figure 2.23 indicate FWHM,, of SiC grown on Si (100) and (111) at Tceo
=550 °C decreases slightly from T, = 800 to 900 °C but significantly from T, = 900 to
1000 °C. This implies the lateral coherence of SiC crystallite increases significantly from
Tsub = 900 to 1000 °C for SiC on both Si (100) and (111) because diffusion, nucleation
rate, and crystal growth rate exponentially depend on the temperature. However, XRD
omega-2theta (w — 26) scans shown in Figure 2.24 indicate that FWHM,,_,4) of SiC on
Si (100) decreases significantly from Ty, = 800 to 900 °C but slightly from T, = 900 to
1000 °C, and the vertical coherence of SiC crystallite increases significantly from Tgy, =
800 to 900 °C but slightly from T, = 900 to 1000 °C because the vertical coherence
depends on the out-diffusion of Si underneath SiC. On the contrary, FWHM,_,g) of SiC
on Si (111) decreases slightly from Ty, = 800 to 900 to 1000 °C, and the vertical
coherence of SiC crystallite increases slightly from Ty, = 800 to 900 to 1000 °C because
the temperature dependence of out-diffusion of Si is not so much as that on Si (100). This
is because the higher atomic density of Si (111) makes it easy for Si to out-diffuse to the
surface of SiC. It can also be observed from Figure 2.24 (b) that w value of SiC/Si (111)

at Tsup = 800 °C is smaller than those of SiC at Ts,, = 900 and 1000°C, and according to
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the Bragg’s law, the d-spacing of SiC/Si (111) at Tgp = 800 °C should be larger than
those of SiC at Ty, = 900 and 1000°C. Therefore, SiC/Si (111) at Ty, = 800 °C might
sustain a compressive strain. Figure 2.35 shows clearly that the grain size of SiC grown
on Si (111) increases from Ty, = 700 to 800 to 900 to 1000 °C.

(B) Substrate orientation dependence

SiC thin films grown on three Si substrate orientations, Si (100), (110) and (111),
at two growth conditions, Ty (°C) /Tceo (°C) /time (min) = 800/550/10 and 1000/550/20,
have been studied. XRD spectra shown in Figure 2.29 display 26 peaks of 3C-SiC (200)
when grown on Si (100), and 3C-SiC (111) on Si (110) and Si (111). At T (°C) /Tceo
(°C) /time (min) = 800/550/10, 3C-SiC on Si (110) is more uniform than that on Si (100)
and Si (111) due to the highest area atomic density of Si (110). However, at Ty (°C)
[Tceo (°C) /time (min) = 1000/550/20, 3C-SiC on Si (111) is more uniform than that on Si
(100) and Si (110), and excessively decomposed C60 was observed on 3C-SiC/Si (110)
as white particles of about 10 nm in diameter (Figure 2.26), because the higher atomic
density of 3C-SiC/Si (110) make it more difficult for silicon to out-diffuse to the surface
of the denser 3C-SiC to react with decomposed C60. It is observed that at Tsy,/Tceo/time
= 800 °C/500°C/10min, 3C-SiC (111) on Si (111) and (110) has much narrower FWHM,,
and thus better crystallization than 3C-SiC (200) on Si (100) (Figures 2.30 (a)). However,
at Tsun/Tceo/time = 1000 °C/500°C/20min, FWHM, of 3C-SiC (200)/Si (100) is close to
that of 3C-SiC (111)/Si (111) and /Si (110) (Figure 2.30 (b)), because the high diffusivity
of Si and C at high temperature compensate the difference in area atomic density. Based
on the XRD omega scans (Figure 2.30 (c)), at growth conditions of Tgn/Tcso =800/550 °C

for 10 minutes and Tsuw/Tceo =1000/550 °C for 20 minutes, 3C-SiC/Si (111) sustains



139
tensile strain because the d-spacing is smaller than that of single crystal, but both 3C-
SiC/Si (100) and 3C-SiC/Si (110) sustain compressive strain because the d-spacing is
larger than that of single crystal. It might be due to the complicated inter-diffusion
process of silicon and carbon atoms through SiC thin film. The tensile strain on 3C-
SiC/Si (111) should be one of the reasons that 3C-SiC (111) /Si (111) is the easiest to be
induced into graphene layers under the same laser illumination conditions (Figure 3.6).
The tensile strain on SiC on Si (111) grown at Teuw/Tceo =1000/550 °C was also
confirmed by the redshift of LO mode of SiC in Raman spectra (Figure 2.32). Single
crystalline SiC film in 10 nm domain and polycrystalline SiC film in 30 nm domain were
shown in TEM image and electron diffract pattern.

In overall consideration of the uniformity, roughness and crystallinity of SiC thin
film, and available laser illumination power, growth condition of Tgy/Tceo/time=800
°C/550 °C/10min was selected to grow SiC thin film to be converted into graphene layers.
8.2 Laser induced SiC-to-graphene conversion
(A) Characterization of LIG and its comparison with other transferred graphene samples

A CW 532nm Nd-YAG laser of ~ (2.6~8) x 10° W/cm? was used to convert
SiC/Si (111) into graphene layers. SiC/Si (111) grown at Tgu/Tceo/time =800 °C/550
°C/10min was found to have the strongest graphene Raman signature (2D band) under the
same laser illumination among three Si orientations (100), (110), and (111) due partially
to the tensile strain in SiC/Si (111). The laser and power density used in this study were
compared with those used in other LIG-related research works. For those works involved
with single crystal SiC wafers, typically pulsed lasers were used with peak power

densities at least one order of magnitude higher than that used in this study (Table 3.1)
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because the lower thermal conductivity (resulting from grain boundary) of polycrystalline
SiC film contributes to the increase of local temperature, thus reducing the threshold
power density. However, the power density used to illuminate sintered polycrystalline
SiC bulk [119] was even lower than that used in this study by about two orders of
magnitude because single crystalline Si substrate in this study dissipates more heat than
polycrystalline SiC bulk does. The Raman spectra of laser induced graphene show all the
graphene major phonon modes, such as G and 2D. The defect-induced D mode was also
observable because 700 nm laser spot size produces graphene layers of similar size with
defect concentrated on edge, resulting in that D band signal from defective and
symmetry-broken edge was also collected in the Raman spectrum. Moreover, the oxygen
in air may also induce defects or disorders in LIG graphene. The symmetrical 2D mode
indicates the stacking order of the laser-induced graphene is turbostratic [193]. The
reduction in the TO mode intensity of 3C-SiC after laser illumination also indicates the
decomposition of SiC, and the remaining TO mode indicates that 3C-SiC layer was not
totally decomposed, with some left and re-crystallized on Si substrate (Figure 7.1). TEM
cross-section image (Figure 3.3) of graphene layers shows the inter-spacing between
graphene layers is about 3.7 A which is larger than 3.35 A, the inter-spacing of single
crystal graphite. Therefore, the stacking order is turbostratic stacking [189]. The number
of graphene layers is about 8 ~ 9 layers, confirmed by AFM thickness measurement
(Figure 3.4). Raman mapping of laser induced graphene dot or ribbon indicates that all
graphene layers were formed within laser-illuminated area, in agreement with EDS
measurement (Figure 7.4) which shows higher carbon concentration in the central

illuminated area. The turbostratic stacking order of laser-induced graphene was also
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confirmed by the FWHM comparison of 2D modes of laser-induced graphene and SLG
because the FWHM of 2D mode of LIG is ~ 72 cm™, which is double that of the 2D peak
of SLG graphene (~30 cm™) and 2D mode of LIG blueshifts by over 20 cm™, in
agreement with the similar turbostratic stacking reported in ref. [193]. Bule shift in both
G and 2D modes indicates that either the compressive strain in LIG graphene layers or
chemical doping [192] or both. However, the buleshift in 2D further proves the p-type
doping in LIG graphene layers due to the electron-phonon coupling [192]. The less blue
shift in G band of laser-induced graphene compared to that of monolayer graphene
transferred onto the other substrates indicates that the laser induced graphene is subjected
to less strain or chemical doping [193]. However, larger FWHM of G band compared
with single crystal graphite and monolayers transferred on SiO,, stainless steel, and
quartz indicates that LIG is LIG is an ensemble of small graphene domains and has
poorer crystalline coherence of laser induced graphene resulting from the non-
equilibrium process of laser illumination. As a tradeoff between FWHM and frequency
shift of G and 2D bands, SLG on quartz is subjected to the least strain and/or chemical
doping. The phonon energy of D and G’ (2D) bands of LIG were found to be dependent
on the laser excitation energy; the D and G’ (2D) bands are blue-shifted with the
increasing laser energy at the rate of about ~ 49.1 cm~1/eV and 103.4 cm™1/eV,
respectively, in agreement with ref. [191], because 2D band is laser-energy-dependent
double resonance phonon mode. Also, the D/G ratio of LIG was observed to decrease
with the increasing laser energy (Figure 3.7), because the laser spot size decreases with

the decrease in wavelength (i.e., increase in laser energy), defects or disorders
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concentrate on edge, and thus larger spot size collects more signal from defect-
concentrated edge of the irradiated spot.

(B) Three approaches for fabricating graphene based micro- and nano-structures and
selective growth of SiC on SiO2 patterned Si substrates

To apply the laser-induced graphene technique for patterning micro- or nano-
graphene structures, we proposed three approaches: (1) direct writing (DW); (2)
illumination mask (IM); (3) pre-patterning (PP). The first method is limited by laser spot
size or diffraction limit, the second method is limited by aperture opening and diffraction
limit, and the third one is limited by the minimum feature size of the selectively deposited
SiC. We concentrated on the study of the third method. Selective deposition of SiC on Si
substrate using MBE was demonstrated to be feasible. The preliminary study on selective
deposition of SiC was carried out by using photolithography process and MBE growth. 5
um SiC line/5 um SiO, spacing was successfully patterned and converted into 5 um
graphene line/5 um SiO,. Raman mapping near 2D mode shows the graphene feature in 5
um graphene line/5 um SiO,. Selectively deposited SiC ribbons with the minimum
feature size of 89 nm wide have been achieved with e-beam lithography and MBE growth
techniques, although they have not been converted into graphene. The three field effect
transistor configurations, single side-gated FET, double source side-gated FET, and
double side-gated FET, have been designed and fabricated. However, we encountered
difficulty in converting the selectively deposited SiC ribbon of the linewidth of less than
1 um into graphene layers using available laser power of about 30 m\W, even though we
have demonstrated the feasibility of laser-converting 5 um wide selectively deposited SiC

ribbon into graphene layers. There are following possible reasons: (1) SiC film is too thin,



143
resulting from the shadowing effect in deposition caused by the small dimension (as
shown in Figure 5.3); (2) SiO, surrounding SiC dissipates the heat absorbed in SiC. The
first possibility can be overcome by increasing the growth time and thus increasing the
thickness of SiC (Figure 8.1 (a)); The second one can be solved by etching away the SiO;
using HF acid after selective deposition of SiC (Figure 8.1 (b)). Air, as a replacement of
SiO,, has a lower thermal conductivity than that of SiO,, and thus reduces the heat
dissipation. Also, these two methods reduce the diffraction limit effect in laser

illumination.

Figure 8.1: Two methods to overcome the difficulty in converting nanoscale SiC into
graphene. (a) Thickness increase. (b) Removal of SiO, by etching with HF,

(C) Preliminary attempt on conductivity measurement

Metallization of Ti/Au (10 nm/30 nm) was evaporated with electron beam on gate,
source, and drain of FET configurations with the assist of e-beam lithography. Two
electrodes were deposited on laser-induced graphene p-ribbon to measure the electrical

conductance. However, the electrical resistance drops by only 9% compared with that of
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non-illuminated area. This is because the serial laser illumination process yields a
graphene micro-ribbon made of small graphene domains overlapping one another or
cross-linked by non-conductive SiC areas, resulting in low electrical conductance of
graphene micro-ribbon. In order to make more continuous graphene ribbon, a larger laser
spot should be used since graphene size is determined by laser spot size.
(D) Dependence of laser conversion on the crystalline structure and surface morphology
Power and time dependence of laser-induced graphene was performed on three
samples grown at the same growth conditions but cleaned with three different methods.
The last sample C is the selectively deposited SiC on pre-patterned 5 X 5 um? Si area.
The illumination power and time were monitored with the intensity variation of Raman
2D peak. Although the threshold illumination power values are different for three
different samples, the optimal illumination time shows the same trend in three samples; in
other words, the optimal illumination time decreases with the increase in illumination
power. The threshold power and illumination time to induce LIG are 10/4, 17/6 and 22/8
(mW/ms) for samples A, B and C, respectively, indicating the minimum laser power to
induce graphene depends on the microstructure, morphology, and thickness of
polycrystalline SiC film. Sample A has a few nanometers native SiO, on the Si substrate
before growth, introducing some defects into the SiC polycrystalline (as shown 100 nm
domain in Figure 5.2). Moreover, the SiC grain size in sample A is smaller than those of
samples B and C, leading to more grain boundary in sample A than those in samples B
and C. The more grain boundary, the lower thermal conductivity, and the higher local
temperature. Therefore, sample A has the lowest threshold power. The comparison of

samples B and C shows that the SiC grain size in sample C is more uniform than that in
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sample B and average grain size in sample B is smaller than that in sample C,
contributing to the increase in local temperature in B. The uniformity of grain size is
dependent on the thickness of SiC film (Figure 5.9). As shown in Figure 5.3, samples A
and B have the same thickness of 188 nm , but sample C is only 51 nm, despite the same
growth temperatures and time. The difference in thickness is caused by the shadowing
effect in deposition, as shown in Figure 8.2. Since the Knudsen/effusive is placed at
about 45° with respect to the normal of substrate surface, the shadow effect results in less
C60 deposited in the pre-patterned area (in micron or submicron scale). In order to obtain
the same thickness of SiC film, the growth time for selective growth should be at least
188/51 = 3.7 times that of non-patterned growth. The selective growth in micro scale also
limits the 3D diffusion of carbon and silicon atoms, making the SiC film different from
that of non-patterned growth in microstructure. The relatively thinner SiC of sample C
enables more uniform SiC and less light absorption than sample B, and thus increasing

threshold illumination power in C.
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Figure 8.2: Schematic illustration of the shadow effect in selective MBE growth. (a)
Entire Si wafer. (b) Pre-patterned Si wafer.

The domain size of LIG graphene also depends on the microstructure of

polycrystalline SiC film. Larger SiC grain size and lower threshold illumination power
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contribute to the larger LIG graphene domain size. The threshold illumination power can
be tuned by the microstructure and thickness of SiC film, which is controlled by MBE
growth conditions and cleanliness of silicon substrate. Among the three samples A, B,
and C, sample B have largest graphene size of about 23 nm because of its lower power
compared with C and larger grain size compared with A. (e) Characterization of
individual graphene based micro-structures
(E) Characterization of individual graphene based micro-structures

Graphene dots or discs in micro scale were patterned with laser illumination on
three selected samples. Raman mappings near 2D mode show graphene dots match the
SEM images of illuminated areas (Figure 7.1). The size of single laser-induced graphene
dot on sample A is much smaller than those of samples B and C due to the lower
threshold power of sample A. Raman mapping images of graphene dots in samples B and
C show non-graphene features in the central part of graphene dots, which corresponds to
central ablated areas in SEM images. However, but there is no such central ablated area
in sample A, implying high power may cause the ablation of the central area, resulting in
non-uniform graphene dots. We also observed a very thin SiC film remaining underneath
graphene layer after laser illumination in SEM image, confirmed by Raman spectrum.
Therefore, under the laser illumination, the bottom part of SiC film was recrystallized and
silicon in the top part of SiC film was sublimated, with the remaining carbon atoms
reconstructing into graphene layers. This was also confirmed with Raman spectra
comparison before and after laser illumination (Figure 3.2). This means that the lower
threshold power helps to get uniform graphene dots. The distribution of carbon atoms and

thus graphene as well as whereabout of the sublimated Si were confirmed by the EDS



147
results of sample C (shown in Figure 7.4). The ratio of carbon to silicon to oxygen (C: Si :
0) in the three areas, i.e., the irradiated area, boundary area, and adjacent non-irradiation
area, are 52.3: 45.0: 2.7, 49.5: 46.6: 3.9, and 46.4: 50.8: 2.9, respectively. The actual
percentage of carbon in the irradiated area is expected to be higher than 52.3% because
some signal from silicon substrate also contributes to the silicon percentage after the SiC
film was ablated off and thin graphene layers are transparent to the electron beam and
excited X-ray signal from silicon substrate. The increase in silicon percentage from the
irradiated area to boundary to non-irradiated area indicates that silicon was sublimated
and re-deposited on the surrounding area, with some oxidized. There is also some 2.7%
oxygen in the irradiated graphene area, inducing defects or disorders in graphene layers,
which is indicated by the defective D mode in Raman spectrum (Figure 3.2).The oxygen
was introduced under the laser illumination in air. UVH or low pressure Ar could be
employed as laser illumination atmosphere to reduce the defects or disorders in graphene
caused by oxidation. In addition, more oxygen (3.9%) in the boundary is because higher
local temperature causes more oxidation.

(F) Demonstration of arrays of graphene micro-structures

Periodic graphene dots in arrays of (1x2), (2x2), and (3x3) were patterned with
LIG process. Although the graphene distribution is not uniform with weak graphene
feature in the central area, the non-uniformity could be improved by further tuning the
laser illumination power and time or performing illumination in UHV or argon
atmosphere. The periodic graphene structure made of graphene/SiC/Si could be
applicable to photonic microstructures, capacitor electrodes, or sensors, in which carrier

mobility or electrical conductivity is not strictly required. Two micro-graphene ribbons of
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1x10 um? (Figure 7.3) and 2x40 pum? (Figure 3.5) were written with laser illumination
and Raman mapping images show graphene signature within the illuminated area.

8.3 Proposals for future study

In the future study, since the laser illumination process is non-equilibrium due to
rapid heating and cooling, it is critical to study the thermodynamic heating process of
laser illumination, which may help to control graphene quality. Laser Illumination at
different atmospheres, such as UHV or argon gas with different pressure may be
compared with that in air. To improve the electrical conductivity of laser induced
graphene ribbon, the parallel process (to illuminate the whole ribbon with a large laser
spot size for one time) instead of serial process can be used to illuminate more continuous
graphene ribbon, because point by point serial illumination yields a graphene ribbon
made up of discrete small graphene domains overlapping each other or cross-linked by
non-conductive areas. Interface between laser induced graphene and SiC should be
investigated with TEM or LEED/LEEM. The electronic structure of laser-induced
graphene should be investigated with STM/STS and angle-resolved photoelectron
spectroscopy(ARPES). The investigation of the correlation between laser illumination
conditions (i.e., power and time) and real temperature may be helpful for the illumination
control of laser-induced graphene. The correlation between illumination conditions and
real temperature can be calculated or simulated by using reported methods and/or

software.
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